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This  is  the  annual  report  for  grant  #  W81XWH-05-1-0065  entitled  “Inhibition  of  Fatty  Acid  Synthase  by 
Orlistat:  A  Novel  Therapeutic”.  The  funding  period  for  this  grant  began  on  November  1,  2004.  In  the  period 
since  the  funding  date,  significant  progress  has  been  made.  Since  the  last  report,  we  have  presented  two 
abstracts  at  national  meetings  and  have  had  one  paper  published  and  another  accepted  for  publication.  The 
details  of  our  recent  findings  are  discussed  in  full  in  section  C.  The  three  specific  aims  of  the  grant  are  listed 
below. 

Specific  Aim  1 .  To  determine  the  cellular  consequences  of  FAS  inhibition  by  orlistat.  The  purpose  of  this  aim 
is  to  determine  the  mechanism  behind  the  anti-tumor  effect  of  orlistat  by  examining  activation  of  various 
apoptotic  pathways  in  orlistat  treated  cells. 

Specific  Aim  2.  To  analyze  the  molecular  basis  of  FAS  inhibition  by  orlistat.  The  goal  of  this  aim  is  to 
determine  the  structure  of  the  thioesterase  domain  of  FAS  bound  to  a  novel  inhibitor  orlistat.  We  hypothesize 
that  by  determining  this  structure  was  can  design  orlistat-like  compounds  that  have  better  inhibitor  specificity 
and  bioavailability. 

Specific  Aim  3.  To  select  and  characterize  novel  FAS  inhibitor  scaffolds  usins  peptide  phase  display.  The 
purpose  of  this  aim  is  to  use  phage  display  to  derive  novel  chemical  scaffolds  that  can  be  used  to  design 
optimized  FAS  inhibitors. 

B,  Body 

FAS  Activity  and  the  Endoplasmic  Reticulum  Stress  Response.  It  has  been  hypothesized  that  a  primary  role 
for  FAS  in  tumor  cells  is  membrane  biogenesis  (1).  In  support  of  this  premise,  Swinnen  et  al.  demonstrated  that 
the  product  of  FAS  activity,  the  16-carbon  fatty  acid  palmitate  segregates  to  detergent-  insoluble,  membrane 
domains  (2).  Phosphatidylcholine  (PC)  is  the  phospholipid  that  palmitate  preferentially  segregates  into.  PC  is 
also  the  primary  phospholipid  of  the  endoplasmic  reticulum  (ER).  Interestingly,  inhibition  of  the  rate-limiting 
step  of  PC  biosynthesis,  CTPiphosphocholine  cytidylyltransferase  (CT),  by  chemical  inhibitors  or  by  expression 
of  a  temperature  sensitive  mutant,  activates  the  ER  stress  response  to  induce  apoptosis  (3).  Because  of  the 
connections  between  EAS  activity  and  membrane  biogenesis,  we  tested  the  hypothesis  that  EAS  inhibition 
activates  the  ER  stress  response.  As  described  in  the  subsequent  section,  we  have  demonstrated  that  EAS 
inhibition  does  activate  the  ER  stress  response,  likely  due  to  depleted  palmitate  for  membrane  biogenesis.  We 
have  also  shown  that  the  ER  stress  response  is  a  primary  activator  of  apoptosis  following  EAS  inhibition,  and 
that  EAS  inhibition  can  synergize  with  another  ER  stressor,  thapsigargin  (Tgn). 


The  ER  stress  response  (Eig.l)  is 
activated  by  an  accumulation  of 
unfolded  proteins  in  the  ER  as  part  of 
the  unfolded  protein  response  (UPR)  (4- 
7).  The  ER  stress  response  is  causally 
associated  with  diabetes, 

neurodegenerative  disorders,  and  other 
maladies  (4-7).  In  addition,  ER  stress  is 
also  associated  with  tumor  growth  (5,  8). 

Typically,  proteins  destined  for 
secretion  are  translated  into  the  ER.  Chaperones  and  other  foldases  promote  proper  protein  folding  and 
secretion.  If  proper  folding  is  not  accomplished,  proteins  are  degraded  and  shuttled  out  of  the  ER  in  a  process 
termed  ER-associated  degradation  (ERAD)  (38).  However,  under  chronic  stress,  unfolded  proteins  accumulate 
and  activate  the  ER  stress  response.  ER  stress  is  characterized  by  activation  of  three  signaling  arms;  PERK, 
IREl  and  ATE6  (7,  9).  In  the  first  signaling  arm  of  the  ER  stress  response,  the  double-stranded  RNA-activated 
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Figure  1 .  The  three  signaling  arms  of  the  ER  stress  response. 
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protein  kinase  (PKR)-like  endoplasmie  reticulum  kinase  (PERK)  phosphorylates  the  translation  initiation  factor 
eIF2a  (10,  11).  Phosphorylation  of  eIF2a  activates  the  expression  of  the  transcription  factor  ATF4  and  the 
subsequent  activation  of  downstream  targets  via  alternate  upstream  ORF’s  (11).  The  transcription  factor  Nrf2, 
part  of  the  NrfZ-Keapl  complex  that  regulates  the  response  to  redox  imbalance,  has  also  been  identified  as  a 
target  of  PERK  activity  (12,  13).  Our  preliminary  data  suggests  that  Nrf2  may  be  activated  when  FAS  is 
inhibited.  Activation  of  the  inositol  requiring  kinase  1  (IREl)  is  the  second  arm  of  the  ER  stress  response  (14). 
The  IREl  kinase  also  encodes  an  endoribonuclease  activity  that,  when  activated,  results  in  splicing  of  the  X-box 
binding  protein-1  (XBP-1)  transcription  factor  mRNA,  resulting  in  a  short  form  of  XBP-1  (XBP-ls)  (15,  16). 
XBP-ls  is  a  transcription  factor  that  is  primarily  responsible  for  transcription  of  genes  that  participate  in 
increasing  ER  volume  during  ER  stress  to  accommodate  accumulated  proteins  (17,  18).  The  IREl  pathway  also 
activates  the  INK,  MAPK  and  NF-kB  signaling  pathways  (9,  19,  20).  The  latter  two  are  also  activated  when 
FAS  activity  is  inhibited  (21).  The  third  arm  of  the  ER  stress  response  is  the  activation  of  the  transcription 
factor  ATF6.  After  proteolytic  activation  in  the  golgi,  ATF6  activates  the  expression  of  other  transcription 
factors,  such  as  the  CCAAT/enhance-binding  protein  (C/EBP)  homologous  protein  (CHOP)  that  is  implicated  in 
apoptosis  (22).  Together,  the  three  pathways  outlined  above  regulate  the  cellular  response  to  ER  stress.  Several 
reports  have  demonstrated  the  overexpression  of  ER  stress  associated  proteins  in  human  tumors,  tumor  cell  lines 
and  animal  models  of  cancer,  indicating  that  the  response  is  activated  in  tumors  (5,  8,  23-25). 


C. 

Aim  1:  To  determine  the  cellular  consequences  of  FAS  inhibition  by  orlistat 

We  have  recently  demonstrated  that  FAS  inhibitors  induce  endoplasmic  reticulum  (ER)  stress  in  tumor 
cells  but  not  in  normal  fibroblasts.  This  data  was  first  reported  in  the  previous  summary  and  a  manuscript  that 
was  recently  accepted  for  publication  in  Cancer  Research  is  included  for  reference.  The  data  will  not  be 
discussed  here  as  a  result.  In  summary,  the  data  provide  the  first  evidence  that  FAS  inhibitors  induce  cell  death 
via  the  ER  and  provides  important  insight  regarding  the  anti-tumor  effects  of  FAS  inhibitors.  The  data  also 
provide  the  first  evidence  that  FAS  is  important  for  regulating  ER 
homeostasis  in  tumor  cells  and  suggests  that  the  ER  may  act  as  a 
sensor  of  fatty  acid  levels. 

A  body  of  literature  has  provided  a  strong  link  between  ER 
function  and  phospholipid  and  sterol  metabolism  (3,  18,  26-28).  Based 
on  our  recent  findings  that  FAS  is  important  for  ER  function  and  that 
FAS  inhibitors  induce  ER  stress,  we  investigated  the  link  between  ER 
stress  and  FAS  activity.  The  FDA  approved  proteasome  inhibitor 
Velcade  is  a  known  ER  stressing  agent  by  inhibiting  ER  associated 
protein  degradation  (29,  30).  As  a  corollary  to  our  findings,  Velcade 
induces  a  dose-dependent  increase  in  FAS  activity  in  prostate  tumor 
cells  (Figure  2).  FAS  protein  levels  are  not  affected  by  Velcade 
treatment  however  (not  shown).  Interestingly,  another  ER  stressing 
agent,  tunicamycin,  also  increases  FAS  activity  (data  not  shown).  Thus,  it  appears  that  fatty  acid  synthesis  is 
required  as  part  of  the  program  to  respond  to  ER 
stress.  Because  of  this,  we  reasoned  that  orlistat, 
through  its  ability  to  inhibit  FAS,  could  synergize 
with  Velcade  to  kill  prostate  tumor  cells.  In  fact, 
orlistat  and  C75,  another  FAS  inhibitor,  both 
synergize  with  Velcade  to  inhibit  clonogenic 
survival  of  prostate  tumor  cells.  In  addition,  the 
combination  of  orlistat,  or  C75,  with  Velcade 
increased  levels  of  cleaved  PARE  and  cleaved 
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Figure  3.  Velcade  sensitized  cells  to  FAS  inhibition.  PC-3 
cells  were  treated  with  vehicle,  Velcade,  orlistat  or  orlistat  -i- 
Velcade  or  C75  and  C75+Velcade.  Clonogenic  survival  (left)  was 
Measured  (left)  as  was  markers  of  ER  stress  and  apoptosis  by 
western  blot  (right). 


Ill 
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Figure  2.  Velcade  induces  FAS  activity. 

PC-3  cells  in  24-well  plates  were  incubated 
with  14C -acetate  for  3  hours.  Cell  were 
collected,  lysed  and  extracted.  The 
extracted  material  was  subjected  to 
scintillation  counting  to  quantify  fatty  acid 
synthesis. 
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caspase-3  compared  to  either  agent  alone.  Combined,  these  data  demonstrate  two  important  points:  1)  that  fatty 
acid  synthesis  is  important  in  maintaining  ER  homeostasis  and  as  part  of  the  ER  stress  response  and  2)  that  EAS 
inhibitors  might  be  combined  with  other  ER  stressing  agents  like  Velcade  to  more  effectively  inhibit  prostate 
tumor  growth.  In  total,  these  data  provide  valuable  insight  regarding  the  anti-tumor  effeets  of  orlistat, 
speeifically,  and  EAS  inhibitors  in  general,  and  of  the  biologieal  role  of 
EAS  in  tumors. 


In  order  to  understand  how  EAS  inhibitors  eould  be  more 
effectively  used  to  treat  prostate  cancer,  it  is  important  to  understand  how 
EAS  expression  is  regulated  in  tumors.  Previous  reports  have 
demonstrated  that  PI3-kinase,  Her2/neu  and  the  androgen  receptor  are 
important  positive  regulators  of  PAS  expression  and  aotivity(31-33).  We 
recently  identified  the  oncogene  c-src  as  a  novel  regulator  of  PAS 
expression.  Expression  of  a  constitutively  active  src  is  sufficient  to 
inerease  PAS  expression  and  aetivity  roughly  3 -fold  in  mouse  3T3  eells 
(Pigure  4).  Previous  reports  have  also  demonstrated  that  expression  of 
constitutively  active  c-src  is  sufficient  to  induce  an  invasive  phenotype 
(34).  Because  of  the  newly  discovered  connection  between  sre  and  PAS 
aetivity  we  asked  whether  PAS  inhibitors  could  inhibit  src  driven 
invasion.  Interestingly,  the  PAS  inhibitor  C75  and  TOPA,  an  inhibitor 
acetyl  coA  carboxylase  (ACC),  the  enzyme  upstream  of  PAS,  are  both 
effective  at  completely  blocking  src  driven  invasion  of  3T3  cells  through 
matrigel  (data  not  shown).  This  experiment  has  only  been  performed  twiee 
in  triplieate  and  is  not  included  beeause  of  the  preliminary  nature  of  the 
data.  However,  the  data  is  the  first  to  demonstrate  that  in  addition  to  inhibiting  to  growth  of  primary  tumors, 
PAS  inhibitors  can  potentially  inhibit  invasion.  Because  invasion  is  often  used  to  gauge  metastatic  potential, 
these  data  suggest  that  inhibition  of  the  PAS  pathway  eould  also  prevent  metastasis,  the  leading  cause  of  death 
among  men  with  prostate  eancer.  In  support  of  this  hypothesis,  a  previous  study  demonstrated  that  PAS  levels 
correlate  with  metastatic  potential  in  prostate  caneer  (35).  There  is  no  literature  that  deseribes  a  role  for 
endogenous  fatty  acid  metabolism  on  prostate  tumor  cell  motility  or  invasion.  We  will  follow  up  on  these 
preliminary  studies  by  determining  the  effects  of  src  specific  inhibitors  on  PAS  activity  and  expression  in 
prostate  tumor  eell  lines  and  how  PAS  inhibitors  effect  motility  and  invasion  of  prostate  eaneer  eell  lines. 

In  addition  to  the  work  outlined  above  and  included  in  the  attached  manuscript,  our  work  initiated  a 
collaboration  that  resulted  in  the  first  report  of  PAS  as  an  important  target  in  GBM  tumors.  While  the  work  is 
not  in  prostate,  it  arose  speeifieally  beeause  of  our  prostate  oriented  researeh.  The  reference  is  listed  below  in 
the  Reportable  Outcomes  section. 
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Figure  4.  c-src  upregulates  FAS. 

Mouse  3T3  cells  were  transformed 
with  src.  FAS  expression  was 
determined  by  immunoblot  (top) 
following  src  transformation.  FAS 
activity  was  measured  by  14C-acetate 
icorporation  in  3T3  and  src 
transformed  3T3  cells  (bottom). 


Key  Research  Accomplishments, 

•  Determination  that  PAS  inhibitors  induee  ER  stress. 

•  Increased  cell  killing  when  PAS  inhibitors  are  combined  with  other  ER  stressing  agents,  including  the 
PDA  approved  proteasome  inhibitor  that  also  induces  ER  stress. 

•  That  ER  stress  ean  also  affeet  PAS  activity  in  tumor  cells. 

•  Expression  of  PAS  can  be  significantly  increased  by  the  c-src  oncogene. 

•  Inhibition  of  the  fatty  acid  synthesis  pathway  ean  inhibit  sre  driven  invasion. 

Reportable  Outcomes: 
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Abstracts 

•  Little,  J.L.,  Wheeler  F.,  Pels,  D.R.,  Koumenis  C.  and  Kridel  S.J.,  Inhibition  of  FAS  in  tumor  eells 
induces  ER  stress-dependent  eell  death,  97*  Annual  Meeting  of  the  American  Association  for  Cancer 
Research,  Washington,  D.C.  April  1-5,  2006. 

•  Little,  J.L.,  Wheeler  F.,  Pels,  D.R.,  Koumenis  C.  and  Kridel  S.J.,  Fatty  acid  synthase  inhibitors  induee 
ER  stress-dependent  cell  death,  11*  Fronts  Neck  Meeting  in  Prostate  Cancer,  Fronts  Neek,  Maine, 
November  2-5,  2006. 

Publications 


•  Little,  J.L.,  Wheeler  E.,  Eels,  D.R.,  Koumenis  C.  and  Kridel  S.J.,  (2006)  Eatty  acid  synthase  inhibitors 
induce  ER  stress  in  tumor  cells.  Cancer  Research,  Accepted  for  publication  November  2006. 

•  W.  Zhao,  S.  Kridel,  A.  Thorburn,  M.  Kooshki,  J.  Little,  S.  Hebbar  and  M.  Robbins,  (2006)  Eatty  acid 
synthase:  a  novel  target  for  antiglioma  therapy.  British  Journal  of  Cancer  95,  869-878. 


7 


Aim  2:0rlistat  complexes  of  FAS-TE.  As 
described  in  the  previous  update,  we  have 
established  protocols  for  the  recombinant 
expression,  purification  and  crystallization  of 
human  FAS-TE.  By  growing  crystals  of  FAS- 
TE  pre-derivatized  with  Orlistat,  we  have  been 
able  to  observe  two  different  views  of  Orlistat 
bound  to  the  active  site.  We  have  shown  for  the 
first  time  that  the  enzymatic  action  of  FAS-TE 
on  Orlistat  (Fig.  5,  Orlistat/Palmitoyl  Co-A 
figure)  results  in  the  cleavage  of  the  -lactone 
ring,  formation  of  a  stable  acyl-enzyme 
intermediate,  and  inhibition  of  the  enzyme. 
These  structures  have  now  been  fully  refined 
and  a  manuscript  describing  the  results  is  in 
preparation.  A  brief  summary  of  our  findings  is 
given  below. 

A  2.3  A  dataset  collected  from  a  crystal 
grown  over  a  two  week  period  clearly  shows  the 
covalent  adduct  between  Ser2308  and  the  Cl 
carbonyl  group  of  the  former  P-lactone  ring  of 
Orlistat  (Fig. 5).  This  complex  (Rwork/Rfree  = 
20.4/26.4%)  provides  the  first  rationale  for  the 
site  of  attack  on  the  P-lactone  ring  and  the 
unusual  stability  of  the  acyl-enzyme 
intermediate  that  results  in  inhibition.  The 
attack  of  Ser2308  on  the  Cl  atom  over  the  C3 
atom  of  Orlistat  is  consistent  with  the  observed 


,wgi  vwT-r-fiS-i-nn^s, 


reactions  with  pancreatic  lipase  and  chemical 
reactivity  considerations  (36).  The  stability  of 
the  intermediate  appears  to  come  from  the 
extensive  contacts  of  the  lipophilic  components 
of  Orlistat  to  the  enzyme  surface  (Fig.  5A  &  B). 

As  a  result  the  C3  hydroxyl  oxygen  atom  and 
the  nitrogen  atom  of  the  N-formyl  moiety 
hydrogen  bond  to  Glu2251  (Fig.  5C).  These 
interactions  are  of  particular  importance  since 
they  most  likely  prevent  the  activation  of  a  water 
molecule  by  His2481  that  under  normal  catalysis 
would  readily  hydrolyze  the  intermediate. 

Moreover,  this  binding  mode  is  different  from 
the  typical  interactions  of  a  carbonyl  group 
within  the  oxyanion  hole  of  a/p  hydrolases  including  serine  proteases  (37-39).  If  the  FAS-TE:Orlistat  complex 
followed  the  latter  contexts,  the  ester  group  would  interact  with  the  backbone  nitrogen  atoms  of  Ile2250  and 
Tyr2309. 


Figure  5.  Molecular  interactions  of  Orlistat  with  FAS-TE.  (A)  Stereo¬ 
images  of  the  interactions  of  the  hexanoyl  tail  adjacent  to  the  catalytic 
triad.  (B)  Binding  mode  of  the  palmitic  core.  (C)  Interaction  of  the 
peptidyl  moiety.  (D)  Superposition  of  the  covalent,  Orilstat  adduct  and 
its  hydrolyzed  product. 


A  1.95  A  structure  of  the  Orlistat  complex  has  also  been  determined  from  crystals  that  took  several  months 
to  grow.  In  this  complex  the  acyl-intermediate  was  hydrolyzed  (Fig.  5D)  (Rwork/Rfree  =  19.2/24.7%). 
Hydrolysis  of  the  ester  bond  resulted  in  a  carboxyl  group  at  Cl.  This  group  interacts  through  a  water  molecule 
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to  the  backbone  nitrogen  atoms  of  Ile2250  and  Tyr2309  and  the  atom  of  Ser2308.  Together  these  changes 
cause  a  significant  shift  of  the  inhibitor  to  the  left  when  compared  to  the  covalent  adduct.  Palmitate  was 
proposed  to  partially  bind  in  the  interface  cavity  (40).  In  contrast,  we  observe  that  the  fatty  acid  portion  of 
Orlistat  (extends  off  the  C5  position)  binds  to  what  we  have  coined  the  “specificity  channel”  (Fig.  5B)  and  the 
N-formyl-Leu  binds  within  the  interface  cavity  (Fig.  5C).  Several  conserved  residues  from  subdomain  B  (e.g. 
Phe2423,  Tyr2424,  and  Leu2427)  line  the  specificity  channel.  The  binding  of  Orlistat  to  this  channel  is 
consistent  with  the  observation  that  loop  insertions  in  the  a/p  hydrolase  fold  in  this  region  often  modulate  or 
mediate  substrate  binding  (41).  Experiments  in  the  final  year  of  funding  will  test  the  hypothesis  that  substrate 
binds  in  a  similar  manner  to  the  active  site  of  FAS-TE.  This  objective  will  be  accomplished  by  an  activity 
analysis  of  site-directed  mutants  of  residues  within  the  putative  specificity  channel  and  the  structure 
determinations  of  the  substrate  and  product  complexes. 

The  new  EAS-TE:Orlistat  structures  are  a  significant  advance  for  the  structure-based  design  of  compounds 
to  inhibit  EAS  for  cancer  treatment.  Eor  example,  the  N-formyl-Eeu  moiety  may  not  completely  fill  the 
interface  cavity  (Eig.  5C).  One  can  easily  envision  extending  the  chain  further  and  to  install  functional  groups 
that  maximize  interactions  with  the  mixed  hydrophobic/hydrophilic  character  of  this  cavity.  Another  intriguing 
possibility  would  be  to  modify  the  6-carbon  group  that  extends  off  of  the  C2  position  (“hexanoyl  tail”)  of 
Orlistat  (Eig.  5A).  We  have  already  shown  that  treatment  with  Ebelactone  B  (EbeB)  and  not  Ebelactone  A 
(EbeA)  leads  to  significant  inhibition  of  EAS  (42).  EbeB  contains  an  ethyl  group  at  C2  while  EbeA  contains  a 
methyl  group.  Therefore,  it  is  clear  that  a  minimum  of  a  2-carbon  chain  is  necessary  at  this  position.  Moreover, 
modifying  the  C2  group  to  maximize  a  charge-charge  interaction  with  Glu2431  and/or  a  pi-stacking  interaction 
with  Tyr2343  may  be  extremely  beneficial  for  improving  the  selectivity  of  the  compound  for  EAS. 

Our  current  crystal  structures  only  start  to  give  us  a  picture  of  the  potential  interactions  that  may  be 
necessary  to  exploit  in  order  to  generate  drugs  that  specifically  target  prostate  cancer  cells.  As  a  further  step 
toward  understanding  the  Orlistat  scaffold,  we  will  determine  the  binding  mode  of  Orlistat  to  EAS-TE  prior  to 
the  formation  of  the  acyl-enzyme  intermediate  by  using  the  Ser2308Ala  mutant.  This  structure  along  with  the 
others  already  determined  will  give  three  key  snapshots  of  EAS-TE  catalysis  and  inhibition;  (i)  binding  of 
Orlistat  prior  to  adduct  formation,  (ii)  formation  of  the  stable  acyl-enzyme  intermediate  (i.e.  the  inhibited 
enzyme),  and  (iii)  breakdown  of  covalent  intermediate. 

In  summary,  our  structural  work  to  date  has  resulted  in  several  key  observations,  (i)  Orlistat  is  in  fact  a 
substrate  of  EAS-TE.  (ii)  EAS-TE  is  inhibited  by  the  formation  of  a  stable  acyl-enyzyme  intermediate,  (iii) 
Hydrolysis  of  the  intermediate  occurs  slowly,  (iv)  Upon  hydrolysis  the  binding  mode  of  Orlistat  shifts  with 
respect  to  the  catalytic  triad,  (v)  The  palmitate-like  16  carbon  structure  of  Orlistat  binds  to  an  elongated 
hydrophobic  channel  that  is  exclusively  generated  by  subdomain  B.  (vi)  This  binding  mode  is  in  stark  contrast 
to  the  proposed  binding  mode  of  palmitoyl-CoA  from  a  previous  modeling/mutagenesis  study.  The  manuscript 
reporting  these  finding  is  in  preparation  and  will  be  submitted  in  December  2006. 


Key  Research  Accomplishments: 

•  Determination  of  the  crystal  structures  of  Orlistat  bound  to  human  EAS-TE  in  two  different  binding 
modes,  i.e.  covalent  and  hydrolyzed. 


Reportahle  Outcomes: 

Abstracts: 
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•  Pemble,  C.P.,  Kridel,  S.J.,  Lowther  W.T.  Thioesterase  domain  of  human  fatty  acid  synthase:  structural 
insights  into  chain-length  selectivity.  Meeting  of  the  Ameriean  Crystallographic  Association,  Honolulu, 
Hawaii,  July  22-26,  2006. 

Oral  Presentations: 

•  Pemble,  C.P.,  Kridel,  S.J.,  Lowther  W.T.,  36**'  Mid-Atlantic  Macromolecular  Crystallography  Meeting 
(MAMC),  Winston-Salem,  NC,  “Thioesterase  domain  of  human  fatty  acid  synthase:  Structural  and 
Insights  into  chain-length  selectivity,”  June  2,  2006 

Awards: 

•  Charles  Pemble,  Protein  Data  Bank  Poster  Prize,  Meeting  of  the  American  Crystallographic  Association, 
Honolulu,  Hawaii,  July  22-26,  2006. 
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Abstract 


Fatty  acid  synthase  (FAS),  the  cellular  enzyme  that  synthesizes  palmitate,  is  expressed  at  high 
levels  in  tumor  cells  and  is  vital  for  their  survival.  Through  synthesis  of  palmitate,  FAS  primarily 
drives  the  synthesis  of  phospholipids  in  tumor  cells.  In  this  study,  we  tested  the  hypothesis  that 
the  FAS  inhibitors  induce  endoplasmic  reticulum  (ER)  stress  in  tumor  cells.  Treatment  of  tumor 
cells  with  FAS  inhibitors  induces  robust  PERK-dependent  phosphorylation  of  the  translation 
initiation  factor  eIE2a  and  concomitant  inhibition  of  protein  synthesis.  PERK  deficient 
transformed  mouse  embryonic  fibroblasts  (MEEs)  and  HT-29  colon  carcinoma  cells  that  express 
a  dominant  negative  PERK  (AC-PERK)  are  hypersensitive  to  FAS  inhibitor-induced  cell  death. 
Pharmacological  inhibition  of  FAS  also  induces  processing  of  XBP-1,  indicating  that  the  IREl 
arm  of  the  ER  stress  response  is  activated  when  FAS  is  inhibited.  Induction  of  ER  stress  is 
further  confirmed  by  increased  expression  of  the  ER  stress-regulated  genes  CHOP,  ATP4  and 
GRP78.  PAS  inhibitor-induced  ER  stress  is  activated  prior  to  the  detection  of  caspase  3  and 
PARP  cleavage,  primary  indicators  of  cell  death,  and  orlistat-induced  cell  death  is  rescued  by  co¬ 
incubation  with  the  global  translation  inhibitor  cycloheximide.  Lastly,  PAS  inhibitors  cooperate 
with  the  ER  stress  inducer  thapsigargin  to  enhance  tumor  cell  killing.  These  results  provide  the 
first  evidence  that  PAS  inhibitors  induce  ER  stress  and  establish  an  important  mechanistic  link 
between  FAS  activity  and  ER  function. 
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Introduction 


Fatty  acid  synthase  (FAS)  is  a  multifunctional  enzyme  that  catalyzes  the  terminal  steps  in 
the  synthesis  of  the  16-carbon  fatty  acid  palmitate  in  cells  (1,  2).  In  normal  tissue  the  FAS 
expression  levels  are  relatively  low  as  fatty  acid  is  generally  supplied  by  dietary  fatty  acids.  On 
the  other  hand,  FAS  is  expressed  at  significantly  higher  levels  in  many  tumors  including  those  of 
the  prostate,  breast,  colon,  ovary  and  others  (3-5).  This  expression  profile  suggests  that  tumors 
require  higher  levels  of  fatty  acids  than  can  be  supplied  from  circulation.  Several  reports  have 
demonstrated  that  FAS  expression  levels  correlate  with  tumor  progression,  aggressiveness  and 
metastasis  (5-7).  In  fact,  FAS  expression  levels  are  predictive  of  the  progression  from  organ- 
confined  prostate  cancer  to  metastatic  prostate  cancer  (6),  indicating  that  FAS  provides  a 
metabolic  advantage  to  tumor  cells.  Because  of  the  strong  link  between  FAS  expression  and 
cancer,  FAS  has  become  an  attractive  target  for  therapeutic  intervention. 

The  functional  connection  between  FAS  and  tumor  progression  has  been  provided  by  the 
discovery  and  design  of  small  molecule  drugs  that  inhibit  the  catalytic  activity  of  FAS  (8,  9). 
Cerulenin  and  C75,  which  target  the  keto-acyl  synthase  domain  of  FAS,  were  the  first  small 
molecules  to  be  described  as  inhibitors  of  FAS  activity  in  human  tumor  cells.  These 
pharmacological  agents  inhibit  FAS  activity  and  induce  cell  death  in  many  tumor  cell  lines  in 
vitro  (5,  7).  The  compounds  are  also  effective  at  inhibiting  the  growth  of  human  tumor 
xenografts  in  vivo  and  have  chemopreventive  abilities  (10-12).  We  were  the  first  to  describe 
orlistat  as  an  inhibitor  of  the  thioesterase  domain  of  FAS  (13).  Orlistat  inhibits  FAS  activity  and 
induces  cell  death  in  a  variety  of  tumor  cell  lines  and  is  able  to  effectively  inhibit  the  growth  of 
prostate  tumor  xenografts  in  mice  (13-15).  The  data  linking  FAS  function  and  tumor  cell  survival 
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emphasizes  the  relevance  of  FAS  as  an  attractive  anti-tumor  target.  The  importance  of  fatty  acid 


synthesis  in  tumor  cells  is  further  underscored  by  data  demonstrating  that  pharmacological  and 
genetic  inhibition  of  two  upstream  enzymes  in  the  fatty  acid  synthesis  pathway,  ATP  citrate 
lyase  (ACL)  and  acetyl  CoA  carboxylase  (ACC),  also  induces  cell  death  in  tumor  cell  lines  (16- 
18). 


Because  FAS  is  a  target  for  therapeutic  intervention,  it  is  important  to  fully  understand 
the  role  of  FAS  in  tumor  cells  as  well  as  the  anti-tumor  effects  of  FAS  inhibitors.  Given  that  the 
endoplasmic  reticulum  (ER)  is  the  major  site  for  lipid  synthesis  in  cells,  it  is  not  surprising  that 
previous  studies  have  identified  a  link  between  pathways  that  regulate  lipid  synthesis  and  the  ER 
stress  response  (19-21).  Eatty  acid  synthesis  in  general,  and  FAS  activity  in  particular,  drives 
phospholipid  synthesis  which  primarily  occurs  in  the  ER  (22).  Because  of  the  direct  connection 
between  EAS  activity  and  phospholipid  synthesis,  we  tested  the  hypothesis  that  pharmacological 
blockade  of  EAS  activity  might  induce  ER  stress  in  tumor  cells  (22).  The  data  presented  herein 
demonstrates  for  the  first  time  that  inhibition  of  EAS  induces  ER  stress  specifically  in  a  variety 
of  tumor  cells  and  not  in  normal  cells.  Importantly,  we  also  demonstrate  that  EAS  inhibitors 
cooperate  with  a  known  ER  stress  inducer,  thapsigargin,  to  induce  cell  death.  The  data  also 
provide  evidence  that  FAS  inhibitors  might  be  combined  with  PERK  inhibitors  to  more 
effectively  treat  cancer.  The  evidence  suggests  that  increased  EAS  expression  in  tumor  cells  is 
important  for  ER  function  to  maintain  membrane  biogenesis  and  suggests  a  role  for  ER  stress  in 
the  anti-tumor  effects  of  FAS  inhibitors. 
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Experimental  procedures 


Materials.  The  PC-3,  DU145,  HT-29,  HeLa,  and  FS-4  cell  lines  were  obtained  from  American 
Type  Culture  Collection  (Manassas,  VA).  Cell  culture  medium  and  supplements  were  from 
Invitrogen  (Carlsbad,  CA).  Antibodies  against  eIF2a,  phospho-eIF2a,  cleaved  caspase  3,  and 
cleaved  PARP  were  from  Cell  Signaling  Technologies  (Beverly,  MA).  Antibody  against  fatty 
acid  synthase  was  from  BD  Transduction  Labs  (San  Diego,  CA).  Antibody  against  P-tubulin  was 
from  NeoMarkers  (Fremont,  CA).  Trizol  was  from  Invitrogen  (Carlsbad,  CA).  Avian 
Myleoblastosis  Virus  (AMV)  Reverse  Transcriptase  and  Taq  Polymerase  were  from  Promega 
(Madison,  WI).  ^^S -methionine  and  ^"^C-acetate  were  purchased  from  GE  Healthcare  (formerly 
Amersham  Biosciences,  Piscataway,  NJ).  Oligonucleotides  were  synthesized  by  Integrated  DNA 
Technologies  (Coralville,  LA),  except  for  those  designed  for  siRNA  which  were  synthesized  by 
Dharmacon  (Lafayette,  Co).  All  other  reagents  were  purchased  from  Sigma  (St.  Louis,  MO), 
Calbiochem  (San  Diego,  CA)  or  BioRad  (Hercules,  CA). 

Cell  culture  and  drug  treatments.  Prostate  tumor  cell  lines  were  maintained  in  RPMI  1640 
supplemented  with  10%  fetal  bovine  serum  at  37°C  and  5%  CO2.  Wild-type  and  PERK^'  mouse 
embryonic  fibroblasts  (MEFs),  obtained  from  David  Ron  (New  York  University),  HeLa  cervical 
cancer  cells,  and  FS-4  human  foreskin  fibroblasts  were  maintained  in  DMEM-high  glucose 
supplemented  with  10%  fetal  bovine  serum.  HT-29  colon  carcinoma  cells  were  maintained  in 
McCoy’s  5A  media  supplemented  with  10%  FBS.  HT-29  cells  expressing  the  pBabe-puro  empty 
vector  or  the  pBabe-puro-AC-PERK  construct  were  maintained  with  1  pg/ml  puromycin  and 
supplemented  with  20%  FBS,  non-essential  amino  acids  and  2-mercaptoethanol.  Cells  were 
treated  for  the  indicated  times  and  drug  concentrations  as  indicated.  Orlistat  was  extracted  from 
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capsules  in  EtOH  as  described  previously  and  stored  at  -80°C  (13).  Further  dilutions  were  made 
in  dimethyl  sulfoxide  (DMSO). 

Generation  of  AC -PERK  expressing  cells.  To  generate  human  tumor  cells  with  deficient  PERK 
signaling,  HT-29  cells  seeded  in  6-well  plates  were  transfected  with  1  pg  of  pBabe-puro  or 
pBabe-puro-AC-PERK  using  Eipofectamine  (Invitrogen).  These  plasmids  have  been  described 
previously  (23).  Stable  populations  of  each  construct  were  selected  by  incubating  transfected 
cells  with  3  pg/ml  puromycin  for  48  hours.  The  transfected  cell  populations  were  then 
maintained  in  1  pg/ml  puromycin  for  subsequent  experiments  in  the  media  described  above. 

Immunoblot  analysis.  Cells  were  harvested  after  the  indicated  treatments,  washed  with  ice-cold 
phosphate-buffered  saline,  and  lysed  in  buffer  containing  1%  Triton  X-100  and  a  complete 
protease,  kinase,  and  phosphatase  inhibitor  cocktail.  Protein  samples  were  electrophoresed 
through  7.5%,  10%  or  12%  SDS-polyacrylamide  gels  and  transferred  to  nitrocellulose,  except  for 
blots  to  detect  phospho-eIF2a  and  eIF2a,  which  were  transferred  to  Immobilon-P  membrane 
(PVDF).  Immunoreactive  bands  were  detected  by  enhanced  chemiluminescence  (Perkin  Elmer). 

Metabolic  labeling  of  protein  and  fatty  acid  synthesis.  To  measure  fatty  acid  synthesis,  1  xlO^ 
cells  per  well  were  seeded  in  24-well  plates.  Cells  were  treated  with  C75  (10  pg/ml),  orlistat  (25, 
50  pM),  or  cerulenin  (5,  10  pg/ml)  for  2  hours.  '"^C-acetate  (1  pCi)  was  added  to  each  well  for 
two  hours.  Cells  were  collected,  washed  and  lipids  were  extracted  and  quantified  as  previously 
described  (13).  To  measure  new  protein  synthesis,  PC-3  cells  were  seeded  in  6-well  plates. 
Orlistat  (50  pM)  and  thapsigargin  (1  pM)  were  added  for  the  indicated  times.  After  incubation 
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with  orlistat  or  thapsigargin,  the  cells  were  switched  to  methionine  deficient  medium  while 
maintaining  the  drug  concentrations.  Methionine  deficient  medium  supplemented  with  100 
pCi/ml  S-methionine  was  added  to  the  cells  for  thirty  minutes  to  label  newly  synthesized 
proteins.  After  the  labeling  period,  cells  were  washed,  lysed  and  samples  were  resolved  by 
electrophoresis  through  a  10%-SDS-polyacrylamide  gel.  The  gel  was  then  stained  with 
Coomassie,  dried  and  relative  protein  synthesis  of  each  sample  was  quantified  after  scanning 
with  a  Typhoon  9210  (Amersham)  using  ImageQuant  software. 

Clonogenic  survival  assays.  Cells  were  plated  in  6-well  plates  at  low  density  depending  on  the 
individual  cell  type.  PC-3  cells  were  plated  at  a  density  of  800  cells  per  well,  except  for  the 
experiment  combining  C75  with  thapsigargin,  for  which  PC-3  cells  were  plated  at  3000  cells  per 
well.  HT-29  and  MEF  cells  were  plated  at  a  density  of  400  cells  per  well.  Human  tumor  cells 
were  plated  48  hours  prior  to  each  experiment,  while  MEFs  were  plated  24  hours  prior  to 
treatment.  Fresh  medium  containing  the  indicated  drugs  was  added  at  the  indicated 
concentrations  for  12-20  hours  as  indicated.  The  media  was  then  removed,  the  wells  were 
washed  and  fresh  medium  was  added.  Plates  were  incubated  until  macroscopic  colonies  were 
formed.  To  visualize  colonies  the  wells  were  washed  twice  with  ice-cold  phosphate-buffered 
saline  and  fixed  for  10  minutes  with  a  10%  methanol,  10%  acetic  acid  solution.  Colonies  were 
stained  with  a  0.4%  crystal  violet,  20%  methanol  solution  for  10  minutes.  The  crystal  violet 
solution  was  removed,  the  wells  were  washed  with  water  to  remove  excess  dye,  and  dried  at 
room  temperature  overnight.  Colonies  were  quantified  by  counting  and  by  solubilization  in  33% 
acetic  acid  followed  by  spectrophotometric  analysis  at  540  nM.  Survival  of  treated  cells  was 
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normalized  relative  to  vehicle  treated  cells  and  statistical  significance  was  determined  by  two- 
tailed  Student's  t  tests. 

Detection  ofXBP-1  splicing  andATF4,  GRP78,  CHOP,  and  GADD34  expression.  Cells  were 
exposed  to  the  various  drug  treatments  or  transfected  with  siRNA  for  the  indicated  times.  Total 
RNA  was  isolated  from  cells  using  TRIzol  according  to  the  manufacturer’s  directions.  cDNA 
was  generated  from  2  pg  of  total  RNA  using  AMV-reverse  transcriptase.  XBP-1  was  amplified 
by  polymerase  chain  reaction  (PCR)  with  Taq  polymerase  using  the  oligonucleotides 
AAACAGAGTAGCAGCTCAGACTGC  (sense)  and  TCCTTCTGGGTAGACCTCTGGGAG 
(antisense).  The  XBP-1  products  were  resolved  on  2%  Tris-acetate-EDTA  agarose  gels  and 
imaged  on  the  Typhoon  9210  at  610nm.  The  expression  of  CHOP,  ATF4,  GRP78,  and  GADD34 
was  determined  by  semi-quantitative  PCR  using  RNA  collected  as  described  above.  Multiple 
cycles  were  tested  for  each  gene  to  determine  the  optimum  cycles  in  the  linear  range.  The 
oligonucleotide  sequences  used  were:  CHOP,  CAGAACCAGCAGAGGTCACA  and 
AGCTGTGCCACTTTCCTTTC;  GRP78,  CTGGGTACATTTGATCTGACTGG  and 
GCATCCTGGTGGCTTTCCAGCCATTC;  ATF4,  CTTACGTTGCCATGATCCCT  and 
CTTCTGGCGGTACCTAGTGG;  and  GADD34,  GTGGAAGCAGTAAAAGGAGCAG  and 
CAGCAACTCCCTCTTCCTCG.  The  CHOP,  GRP78  and  ATF4  products  were  resolved  on  1% 
Tris-acetate-EDTA  agarose  gels  and  imaged  on  the  Typhoon  9210  at  610nm. 

Suppression  of  FAS  expression  with  siRNA.  A  paired  siRNA  oligonucleotide  against  the  FAS 
gene  (FASl  sense,  GUAGGCCUUCCACUCCUAUU)  and  one  siRNA  against  luciferase  as  a 
negative  control  (Fuc  sense,  CUUACGUGAUACUUCGAUU)  were  designed  and  synthesized 
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by  Dharmacon.  The  individual  siRNAs  (30  nM)  were  transfected  into  cells  at  plating  with 
siPORT  NeoFX  transfection  reagent  (Ambion)  according  to  manufacturers  instructions.  Cells 
were  collected  at  indicated  times  after  transfection  then  harvested  for  RNA  to  perform  RT-PCR 
or  protein  for  immunoblot  analysis. 
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Results 


Pharmacological  inhibition  of  FAS  induces  phosphorylation  of  eIF2  a  in  tumor  cells. 
Several  studies  have  demonstrated  that  lipid  eomposition  is  important  for  maintaining  ER 
funetion  (19-21,  24,  25).  Other  studies  have  demonstrated  that  FAS  drives  phospholipid 
synthesis  in  tumor  cells  (22).  Because  of  this  fact,  we  hypothesized  that  FAS  inhibitors  might 
induce  ER  stress.  One  hallmark  of  ER  stress  is  the  PERK-dependent  phosphorylation  of  the 
translation  initiation  factor  eIF2a.  We  first  examined  the  phosphorylation  status  of  eIF2a  in  cells 
treated  with  three  different  pharmacological  inhibitors  of  FAS  (Figure  lA).  PC-3  cells  were 
treated  with  orlistat  (12.5-50  pM,  left)  or  cerulenin  (5  or  10  pg/ml,  middle)  for  16  hours,  or  C75 
(10  pg/ml)  for  8-24  hours  (right).  Each  FAS  inhibitor  induced  robust  phosphorylation  of  eIF2a 
at  each  concentration  after  16  hours  of  treatment,  as  did  thapsigargin  (data  not  shown).  All  three 
inhibitors  induce  eIF2a  phosphorylation,  similarly,  regardless  of  tumor  cell  type  tested  (data  not 
shown).  Fikewise,  fatty  acid  synthesis  was  inhibited  to  similar  degrees  by  each  treatment,  as 
measured  by  '^C-acetate  incorporation  into  total  cellular  lipids  (Figure  IB,  left).  Because 

■yc 

phosphorylation  of  eIF2a  leads  to  inhibition  of  protein  synthesis,  we  performed  a  S-methionine 
labeling  experiment  to  measure  levels  of  newly  synthesized  proteins  in  cells  treated  with  orlistat. 
PC-3  cells  were  treated  with  orlistat  (50  pM)  for  12  and  24  hours  or  thapsigargin  (1  pM)  as  a 
positive  control  for  1  hour  (Figure  IB,  right).  Orlistat  treatment  reduced  protein  synthesis  by 
56%  after  12  hours  and  by  73%  at  24  hours,  similar  to  treatment  with  thapsigargin.  Therefore, 
orlistat  treatment  is  sufficient  to  induce  phosphorylation  of  eIF2a  and  subsequently  inhibit 
protein  synthesis.  To  further  confirm  our  findings,  a  genetic  approach  was  also  used  to  inhibit 
FAS  expression.  PC-3  cells  were  transfected  with  FAS-specific  siRNA  or  siRNA  against 
luciferase  as  a  negative  control.  Immunoblot  analysis  demonstrated  a  nearly  70%  reduction  of 
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FAS  protein  in  the  samples  48  hours  after  transfeetion  whieh  eontinued  through  72  hours  (Figure 
1C).  Consistent  with  our  findings  using  pharmaeologieal  inhibitors,  reduetion  of  FAS  expression 
levels  resulted  in  the  deteetion  of  signifieant  levels  of  phosphorylated  eIF2a  at  72  hours  (Figure 
1C).  Conversely,  treatment  of  normal  human  foreskin  FS-4  fibroblasts  with  the  FAS  inhibitor 
orlistat  did  not  result  in  phosphorylation  of  eIF2a  (Figure  ID).  Colleetively  these  data  indieate 
that  eIF2a  phosphorylation  indueed  by  FAS  inhibition  is,  indeed,  specifie  to  both  FAS  and  tumor 
eells. 

PERK  mediates  eIF2  a  phosphorylation  in  response  to  orlistat  treatment.  There  are  four  known 
eIF2a  kinases:  PERK,  GCN2,  PKR  and  HRI;  but  PERK  is  the  kinase  that  phosphorylates  eIE2a 
during  the  ER  stress  response  (26).  To  determine  whether  PERK  is  the  kinase  responsible  for  the 
phosphorylation  eIE2a  in  response  to  EAS  inhibition,  wild-type  and  PERK^'  mouse  embryonie 
fibroblasts  (MEEs)  transformed  with  Ki-Ras  were  obtained  and  tested  for  their  sensitivity  to 
orlistat  (27).  The  wild-type  and  PERK^'  MEEs  were  treated  with  orlistat  (12.5  pM)  for  8,  16  and 
24  hours  (Eigure  2 A)  or  treated  with  thapsigargin  (1  pM)  for  1  hour  (data  not  shown).  In  the 
wild-type  MEEs,  orlistat  indueed  phosphorylation  of  eIE2a  within  8  hours  (Eigure  2A), 
eonsistent  with  our  findings  in  prostate  tumor  eell  lines  (Eigure  lA).  On  the  other  hand,  no 
signifieant  phosphorylation  of  eIE2a  was  evident  during  the  same  time  eourse  of  orlistat 
treatment  in  the  PERK-defieient  eells  (Eigure  2A).  As  expeeted,  thapsigargin  only  indueed 
phosphorylation  of  eIE2a  in  the  wild-type  and  not  the  PERK^'  MEEs  (data  not  shown).  These 
data  indieate  that  EAS  inhibition  results  in  PERK-dependent  phosphorylation  of  eIE2a. 


11 


It  has  been  demonstrated  that  PERK  defieient  eells  are  hypersensitive  to  ER  stress- 
indueed  apoptosis  (28).  Beeause  of  this,  we  tested  whether  PERK^'  MEEs  were  hypersensitive  to 
orlistat-indueed  eell  death  using  elonogenie  survival  assays.  Wild-type  and  PERK^'  MEEs  were 
treated  with  vehiele,  orlistat  (25  pM)  or  thapsigargin  (100  nM)  for  16  hours  (Figure  2B).  As 
expeeted,  the  PERK''  MEEs  were  hypersensitive  to  thapsigargin-indueed  eell  death  as 
demonstrated  by  a  three-fold  deerease  in  elonogenie  survival  (p<0.005).  Similarly,  the  PERK^' 
MEEs  demonstrated  hypersensitivity  to  orlistat  treatment,  showing  redueed  elonogenie  survival 
of  wild-type  transformed  MEEs  to  70%  of  vehiele  treated  eells.  On  the  other  hand,  elonogenie 
survival  was  deereased  nearly  four-fold  to  less  than  20%  (p<0.005)  in  the  PERK''  MEEs 
following  orlistat  treatment.  These  data  indieate  that  inhibition  of  FAS  aetivity  induees  ER  stress 
whieh  is  exaeerbated  by  loss  of  PERK. 

To  further  support  the  results  obtained  in  MEEs,  we  generated  stable  populations  of  HT- 
29  eolon  eareinoma  eells  transfeeted  with  a  dominant  negative  PERK  eonstruet  that  laeks  the 
kinase  domain  (AC-PERK)  or  the  eorresponding  empty  veetor  (23).  These  eells  were  seeded  at 
low  density  and  treated  with  C75  (9  pg/ml),  orlistat  (25  pM),  or  thapsigargin  (lOnM)  to  assess 
elonogenie  survival.  As  expeeted,  the  HT-29  AC-PERK  eells  were  hypersensitive  to  thapsigargin 
as  demonstrated  by  a  nearly  three-fold  reduetion  in  elonogenie  survival  (Figure  2C,  p<0.005). 
Similarly,  the  HT-29  AC-PERK  eells  were  also  hypersensitive  to  both  orlistat  and  C75  eompared 
to  the  empty-veetor  transfeeted  eells.  Clonogenie  survival  was  redueed  more  than  two-fold  in 
C75  treated  eells  and  nearly  four-fold  in  orlistat  treated  eells  (Figure  2C,  p<0.005).  These  results 
eonfirm  that  PERK  funetion  is  important  for  an  adaptive  response  in  tumor  eells  when  FAS 
aetivity  is  inhibited. 
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Treatment  with  orlistat  induces  processing  ofXBP-1.  In  addition  to  the  PERK-regulated  arm,  the 
ER  stress  response  can  also  be  mediated  by  IREl,  a  kinase  with  endonuclease  activity  that 
facilitates  splicing  of  X-box  binding  protein- 1  (XBP-1)  mRNA  to  yield  the  splice  variant  XBP- 
l(s)  during  ER  stress  (29).  To  determine  whether  pharmacological  inhibition  of  EAS  also 
activates  the  IREl  pathway,  the  status  of  XBP-1  mRNA  was  assessed  by  RT-PCR  using 
oligonucleotides  that  flank  the  splice  site  in  the  XBP-1  mRNA.  Total  RNA  was  collected  from 
PC-3  cells  treated  with  orlistat  (50  pM)  for  8-24  hours  (Eigure  3A)  or  with  cerulenin  (5  or  10 
pg/ml)  for  16  hours  (Eigure  3B).  Thapsigargin  treatment  resulted  in  a  loss  of  the  473  bp  product 
associated  with  un-spliced  XBP-1  and  the  appearance  of  the  processed  447  bp  form  associated 
with  XBP-l(s)  that  is  produced  only  in  response  to  ER  stress  (Eigure  3A).  Similarly,  orlistat 
treatment  resulted  in  the  appearance  of  the  447  bp  XBP-1  (s)  product  in  as  few  as  8  hours  with 
maximum  processing  by  16  hours  (Eigure  3A).  Cerulenin  also  induced  processing  of  XBP-1 
(Eigure  3B).  To  further  confirm  the  role  of  EAS  inhibition  in  the  processing  of  XBP-1  to  XBP- 
l(s),  HeLa  cells  were  transfected  with  EAS-specific  siRNA  or  siRNA  against  luciferase  as  a 
negative  control  and  collected  for  RT-PCR  (Eigure  3C).  The  447  bp  fragment  that  corresponds  to 
the  ER  stress  specific  XBP-1  (s)  product  was  detected  at  72  hours  in  the  PAS  specific  siRNA 
samples.  While  PC-3  cells  exhibit  XBP-1  splicing  after  both  orlistat  and  thapsigargin  treatment, 
PS-4  cells  exhibited  only  minor  induction  of  XBP-1  and  no  splicing  in  response  to  orlistat 
(Eigure  3D).  These  results  suggest  that  the  IREl  pathway  of  the  ER  stress  response  is  activated 
in  parallel  to  the  PERK  pathway  when  PAS  is  inhibited  in  tumor  cells. 
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Inhibition  of  FAS  activity  induces  expression  of  ER  stress  regulated  genes.  Activation  of  the  ER 
stress  response  induees  the  expression  of  a  number  of  genes  associated  with  adaptation  and  cell 
death,  including  CHOP,  GRP78  and  ATF4.  CHOP  has  been  implieated  in  ER  stress-dependent 
apoptosis  and  CHOP'''  eells  are  mildly  resistant  to  apoptosis  following  treatment  with  ER 
stressing  agents  (30).  The  mRNA  expression  of  CHOP  is  indueed  in  DU145  eells  treated  with 
orlistat  (50  pM)  or  C75  (9  pg/ml)  (Figure  4A).  Similar  effects  were  seen  in  PC-3  cells  (data  not 
shown).  CHOP  mRNA  expression  was  also  indueed  following  siRNA-mediated  knoekdown  of 
FAS  expression  in  PC-3  cells  (Figure  4B).  Inereased  mRNA  expression  of  CHOP  may  indieate 
that  ER  stress  eould  play  a  role  in  eell  death  indueed  by  FAS  inhibition  (30).  The  mRNA 
expression  of  GRP78,  an  ER  stress  regulated  chaperone,  is  also  indueed  in  orlistat  treated  eells 
(Figure  4C)  (31).  Furthermore,  mRNA  expression  of  the  transcription  factor  ATF4,  which  is 
dependent  on  eIF2a  phosphorylation,  is  also  induced  by  orlistat  treatment  (Figure  4C). 
Colleetively,  the  data  in  Figures  1-4  demonstrate  that  FAS  inhibitors  induee  the  ER  stress 
response. 

ER  stress  is  an  early  event  in  cells  treated  with  FAS  inhibitors.  To  determine  whether 
phosphorylation  of  eIF2a  and  subsequent  indieations  of  the  ER  stress  response  events  eoineide 
or  preeede  eell  death  indueed  by  FAS  inhibition,  we  analyzed  the  temporal  phosphorylation  of 
eIF2a  and  markers  of  easpase  aetivity  and  eell  death.  In  PC-3  eells  treated  with  orlistat, 
phosphorylation  of  eIF2a  was  evident  at  16  hours  of  treatment,  while  signifieant  eleavage  of 
easpase  3  and  PARP  are  not  deteetable  until  24  and  48  hours,  respectively,  eonsistent  with 
previous  reports  (13).  These  data  indicate  that  the  ER  stress  response  is  indueed  prior  to  easpase 
3  activation  and  PARP  cleavage.  These  data  are  further  supported  by  the  timeline  of  XBP-1 
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processing  following  orlistat  treatment  (Figure  3A).  Previous  studies  have  demonstrated  that 
inhibition  of  protein  translation  with  cycloheximide  can  ameliorate  the  effects  of  ER  stress, 
likely  by  decreasing  protein  burden  on  the  ER  (28).  Clonogenic  survival  assays  and  immunoblot 
analysis  were  performed  in  PC-3  cells  treated  with  vehicle  control,  cycloheximide  (CHX,  1 
pg/ml),  orlistat  (25  pM),  or  orlistat  with  CHX  (Eigure  5B  and  C).  Cycloheximide  treatment 
rescued  clonogenic  survival  of  PC-3  cells  treated  with  orlistat  (Eigure  5B),  and  also  inhibited 
orlistat  induced  phosphorylation  of  eIF2a  (Figure  5C).  These  data  are  consistent  with  previous 
reports  on  the  protective  effect  of  cycloheximide  on  cells  under  ER  stress  and  suggest  that 
reduced  protein  burden  on  the  ER  or  reduced  expression  of  a  specific  pro-apoptotic  factor  could 
be  responsible. 

Cooperation  between  FAS  inhibitors  and  thapsigargin.  At  least  one  study  has  demonstrated  that 
ER  stress  can  have  a  negative  effect  on  the  activity  of  chemotherapeutic  drugs  (32).  To 
determine  the  effect  of  ER  stress  on  FAS  inhibitor-induced  cell  death,  clonogenic  survival 
assays,  immunoblot,  and  RT-PCR  analysis  were  performed  on  tumor  cells  treated  with  orlistat  or 
C75  in  combination  with  the  ER  stressing  agent  thapsigargin  (Eigure  6A  and  B).  Lower  doses  of 
FAS  inhibitors  and  thapsigargin  were  used  to  achieve  reduced  cell  kill  by  either  single  agent  in 
order  to  maximize  the  effect  of  the  combination  of  the  two  drugs.  PC-3  cells  were  seeded  at  low 
density  and  treated  with  C75  (9  pg/ml),  thapsigargin  (25  nM),  or  the  combination  of  both  for  12 
hours  and  assayed  for  clonogenic  survival.  The  clonogenic  survival  of  cells  treated  with  the 
combination  of  drugs  was  significantly  reduced  compared  with  either  agent  alone  (Figure  6A, 
left).  This  coincides  with  immunoblot  data  demonstrating  that  levels  of  cleaved  PARP  are 
highest  in  lysates  from  cells  treated  with  both  drugs  (Figure  6A,  top  right).  Interestingly,  while 
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both  C75  and  thapsigargin  induced  phosphorylation  of  eIF2a  separately,  the  level  of 
phosphorylated  eIF2a  was  significantly  reduced  in  eells  treated  with  the  two  agents  combined, 
with  no  change  in  total  eIF2a  levels  (Figure  6 A,  top  right).  This  data  suggests  that  the  combined 
agents  facilitated  a  more  rapid  progression  of  the  ER  stress  response  and  induction  of  the 
GADD34  feedback  loop  (33).  In  support  of  this,  mRNA  expression  of  GADD34  is  increased  in 
PC-3  cells  treated  with  both  agents,  as  compared  with  either  agent  alone  (Figure  6A,  bottom 
right).  Confirming  that  the  effeets  of  this  eombination  of  drugs  is  not  eell-type-speeific, 
clonogenic  survival  was  assessed  in  HT-29  cells  treated  with  one  of  two  combinations:  either  1) 
orlistat  (25  pM),  thapsigargin  (25  nM)  or  the  eombination  of  both  for  12  hours  (Figure  6B,  left); 
or,  2)  C75  (9  pg/ml),  thapsigargin  (25  nM)  or  the  combination  of  both  for  12  hours  (Figure  6B, 
right).  While  the  elonogenic  survival  only  indicates  an  additive  interaction,  these  data, 
importantly,  demonstrate  that  ER  stress  does  not  inhibit  the  aetions  of  EAS  inhibitors  and  may 
actually  enhance  their  effieaey. 
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Discussion 


The  ER  stress  response  is  a  choreographed  series  of  cellular  events  activated  hy  specific 
insults  that  result  in  altered  ER  function  (34).  The  combined  effect  of  this  response  is  activation 
of  genes  that  are  specifically  expressed  to  engage  an  adaptation  protocol.  Upon  prolonged  stress, 
the  adaptation  mechanism  of  the  ER  stress  response  saturates,  thus,  activating  cell  death.  Several 
studies  have  developed  important  connections  between  lipid  synthesis  pathways  and  the  ER 
stress  response  (19-21,  35).  Inhibition  of  phospholipid  synthesis,  especially  that  of 
phosphatidylcholine  (PtdCho),  induces  ER  stress-related  pathways  (20).  Similarly,  altering 
phospholipid  metabolism  by  manipulation  of  phospholipase  activity  amplifies  the  ER  stress 
response  in  P-cells  (36).  In  addition,  the  accumulation  of  the  GMi-ganglioside  activates  the  ER 
stress  response  in  neurons,  indicating  that  sphingolipid  levels  are  also  important  for  regulating 
ER  function  (35).  Recent  studies  have  demonstrated  that  cholesterol-induced  apoptosis  in 
macrophages  is  triggered  by  ER  stress  induction,  and  small  molecule  inhibitors  of  cholesterol 
synthesis  activate  the  integrated  stress  response  (24,  25).  There  are  also  direct  links  between  the 
individual  ER  stress  components  and  lipid  synthesis  pathways.  Eor  instance,  overexpression  of 
the  ER  stress  specific  XBP-l(s)  expands  ER  volume  by  increasing  the  activity  of  enzymes 
responsible  for  PtdCho  synthesis  (37,  38).  Moreover,  mice  that  are  null  for  XBP-1  have 
underdeveloped  ER  (26,  39).  Collectively,  these  data  demonstrate  that  lipid  and  sterol  levels  are 
important  for  maintaining  ER  function. 

Because  EAS  inhibitors  are  being  developed  as  anti-tumor  agents,  it  is  important  to 
understand  the  effects  these  drugs  have  on  both  normal  and  tumor  cells.  The  evidence  here 
demonstrates  that  EAS  inhibitors  induce  the  ER  stress  response  in  a  variety  of  tumor  cells,  but 
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not  in  normal  cells.  A  model  summarizing  these  data  is  presented  in  Figure  6C.  Our  results 
suggest  that  in  a  proliferating  tumor  cell  FAS  activity  drives  phospholipid  synthesis  which 
facilitates  ER  homeostasis  and  function.  When  FAS  activity  is  inhibited  in  tumor  cells,  the  result 
is  PERK-dependent  phosphorylation  of  eIF2a,  a  concomitant  attenuation  of  protein  synthesis  and 
the  IRE  1 -mediated  processing  of  XBP-1.  Interestingly,  phosphorylation  of  eIP2a  persists  for  as 
long  as  48  hours  with  no  attenuation  (Figure  5A),  suggesting  that  protein  phosphatase  1  activity 
is  not  activated  or  that  GADD34  is  not  induced  as  is  evidenced  by  lack  of  expression  in  Figure 
6A.  Downstream  of  PERK  and  IREl  activation,  inhibiting  EAS  activity  also  induces  mRNA 
expression  of  canonical  markers  of  the  ER  stress  response  pathway  including  CHOP,  GRP78  and 
ATP4.  The  precise  role  of  these  players  has  not  been  determined  in  cells  that  have  been  treated 
with  PAS  inhibitors.  However,  it  has  previously  been  shown  that  ATF4  acts  to  protect  cells  from 
ER  generated  reactive  oxygen  species  (40).  Another  report  demonstrated  that  siRNA-mediated 
knockdown  of  PAS  or  ACC  in  breast  cancer  cells  results  in  cell  death  that  is  mediated  by 
reactive  oxygen  species  and  attenuated  by  supplementation  with  the  antioxidant  vitamin  E, 
which  suggests  that  the  ER  stress  response  in  general,  and  ATF4  expression  specifically,  may  be 
a  response  to  changes  in  the  redox  status  of  FAS  inhibitor  treated  cells  (18).  These  data  are 
consistent  with  the  hypothesis  that  the  ER  stress  response  initially  acts  to  protect  cells  from  FAS 
inhibitors,  but  do  not  rule  out  that  ER  stress  could  also  facilitate  cell  death  after  prolonged  death. 

It  is  interesting  to  note  that  several  indicators  of  ER  stress,  ineluding  phosphorylation  of 
eIP2a,  inhibition  of  protein  synthesis,  and  XBP-1  processing  are  detected  well  before  canonical 
hallmarks  of  apoptosis,  cleaved  caspase  3  and  cleaved  PARP.  This  indicates  that  the  ER  may  be 
an  early  sensor  of  fatty  acid  and  phospholipid  levels  in  tumor  cells.  When  the  ER  stress  response 
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is  unable  to  fully  restore  ER  function  perturbed  by  FAS  inhibition,  it  is  possible  that  this  leads  to 
the  initiation  of  a  cell  death  program.  Consistent  with  this  notion,  cycloheximide  is  able  to  inhibit 
orlistat  induced  cell  death  and  phosphorylation  of  eIF2a.  These  data  do  not  conflict  with 
previous  reports  demonstrating  that  FAS  inhibitors  activate  the  intrinsic  cell  death  pathway  and 
that  ceramide  accumulation  contributes  to  FAS  inhibitor  induced  cell  death  (34,  41).  In  fact,  a 
previous  study  demonstrated  that  ceramide  accumulation  is  also  associated  with  thapsigargin 
induced  ER  stress  and  apoptosis  (36).  It  is  possible  that  FAS  inhibitor  induced  ER  stress  may 
result  in  ceramide  accumulation  that  is  important  in  for  cell  death;  however,  the  relationship 
between  FAS  inhibition,  ER  stress,  and  subsequent  downstream  events  remains  to  be 
determined.  Given  the  importance  of  phospholipid  synthesis  during  S-phase  of  the  cell  cycle,  the 
demonstration  that  FAS  inhibitors  induce  ER  stress  in  tumor  cells  also  compliments  a  previous 
study  that  established  that  FAS  inhibitors  induce  apoptosis  during  S-phase  (42,  43).  Collectively, 
the  data  presented  herein  fill  a  critical  gap  in  our  understanding  of  how  endogenous  fatty  acid 
synthesis  is  required  to  maintain  proper  ER  integrity  and  function. 

We  have  demonstrated  that  inhibiting  FAS  activity  in  tumor  cells  induces  an  ER  stress 
response.  Based  on  these  findings,  we  propose  that  one  teleological  explanation  for  high  FAS 
levels  in  tumors  is  to  provide  support  for  a  dynamic  ER  in  rapidly  proliferating  cells. 
Furthermore,  we  hypothesize  that  the  ER  acts  as  a  sensor  of  FAS  activity  and  resulting 
phospholipid  levels.  In  addition,  we  demonstrate  that  orlistat  and  C75  cooperate  with  the  ER 
stressing  agent  thapsigargin  to  enhance  cell  death  in  vitro.  While  thapsigargin  is  highly  toxic  and 
not  a  likely  candidate  for  tumor  therapy,  these  data  implies  that  tumor  microenvironment- 
induced  ER  stress  will  not  hinder  the  efficacy  of  FAS  inhibitors  (44).  The  data  also  suggest  that 


19 


FAS  inhibitors  might  be  combined  with  PERK  inhibitors  to  enhance  tumor  cell  cytotoxicity.  In 
summary,  these  data  provide  the  first  evidence  that  FAS  inhibitors  induce  ER  stress,  which  may 
explain  some  anti-tumor  effects  of  FAS  inhibitors,  and  they  also  establish  an  important 
mechanistic  link  between  FAS  and  ER  function  in  tumor  cells. 


20 


References 


1.  Wakil  SJ.  Fatty  acid  synthase,  a  proficient  multifunctional  enzyme.  Biochemistry 
1989;28:4523-30. 

2.  Asturias  FJ,  Chadick  JZ,  Cheung  IK,  et  al.  Structure  and  molecular  organization  of 
mammalian  fatty  acid  synthase.  Nat  Struct  Mol  Biol  2005;12:225-32. 

3.  Milgraum  LZ,  Witters  LA,  Pasternack  GR,  Kuhajda  FP.  Enzymes  of  the  fatty  acid 
synthesis  pathway  are  highly  expressed  in  in  situ  hreast  carcinoma.  Clinical  Cancer 
Research  1997;3:2115-20. 

4.  Pizer  ES,  Pflug  BR,  Bova  GS,  et  al.  Increased  fatty  acid  synthase  as  a  therapeutic  target 
in  androgen-independent  prostate  cancer  progression.  Prostate  2001;47:102-10. 

5.  Kuhajda  EP.  Patty  acid  synthase  and  cancer:  new  application  of  an  old  pathway.  Cancer 
Res  2006;66:5977-80. 

6.  Rossi  S,  Graner  E,  Pebbo  P,  et  al.  Patty  acid  synthase  expression  defines  distinct 
molecular  signatures  in  prostate  cancer.  Mol  Cancer  Res  2003;1:707-15. 

7.  Kuhajda  PP.  Patty-acid  synthase  and  human  cancer:  new  perspectives  on  its  role  in  tumor 
biology.  Nutrition  2000;16:202-8. 

8.  Kuhajda  PP,  Jenner  K,  Wood  PD,  et  al.  Patty  acid  synthesis:  a  potential  selective  target 
for  antineoplastic  therapy.  Proceedings  of  the  National  Academy  of  Sciences  of  the 
United  States  of  America  1994;91:6379-83. 

9.  Kuhajda  PP,  Pizer  ES,  Li  JN,  et  al.  Synthesis  and  antitumor  activity  of  an  inhibitor  of 
fatty  acid  synthase.  Proc  Natl  Acad  Sci  USA  2000;97:3450-54. 

10.  Alii  PM,  Pinn  ML,  Jaffee  EM,  McPadden  JM,  Kuhajda  PP.  Patty  acid  synthase  inhibitors 
are  chemopreventive  for  mammary  cancer  in  neu-N  transgenic  mice.  Oncogene 
2005;24:39-46. 

11.  Pizer  ES,  Jackisch  C,  Wood  PD,  et  al.  Inhibition  of  fatty  acid  synthesis  induces 
programmed  cell  death  in  human  breast  cancer  cells.  Cancer  Research  1996;56:2745-47. 

12.  Wang  HQ,  Altomare  DA,  Skele  KL,  et  al.  Positive  feedback  regulation  between  AKT 
activation  and  fatty  acid  synthase  expression  in  ovarian  carcinoma  cells.  Oncogene 
2005;24:3574-82. 

13.  Kridel  SJ,  Axelrod  P,  Rozenkrantz  N,  Smith  JW.  Orlistat  is  a  novel  inhibitor  of  fatty  acid 
synthase  with  antitumor  activity.  Cancer  Res  2004;64:2070-5. 

14.  Menendez  JA,  Vellon  L,  Lupu  R.  Antitumoral  actions  of  the  anti-obesity  drug  orlistat 
(XenicalTM)  in  breast  cancer  cells:  blockade  of  cell  cycle  progression,  promotion  of 
apoptotic  cell  death  and  PEA3-mediated  transcriptional  repression  of  Her2/neu  (erbB-2) 
oncogene.  Ann  Oncol  2005;16:1253-67. 

15.  Knowles  LM,  Axelrod  P,  Browne  CD,  Smith  JW.  A  fatty  acid  synthase  blockade  induces 
tumor  cell-cycle  arrest  by  down-regulating  Skp2.  J  Biol  Chem  2004;279:30540-5. 

16.  Hatzivassiliou  G,  Zhao  P,  Bauer  DE,  et  al.  ATP  citrate  lyase  inhibition  can  suppress 
tumor  cell  growth.  Cancer  Cell  2005;8:311-2L 

17.  Brusselmans  K,  De  Schrijver  E,  Verhoeven  G,  Swinnen  JV.  RNA  interference-mediated 
silencing  of  the  acetyl-CoA-carboxylase-alpha  gene  induces  growth  inhibition  and 
apoptosis  of  prostate  cancer  cells.  Cancer  Res  2005;65:6719-25. 

18.  Chajes  V,  Cambot  M,  Moreau  K,  Penoir  CM,  Joulin  V.  Acetyl-CoA  Carboxylase 
{alpha}  Is  Essential  to  Breast  Cancer  Cell  Survival.  Cancer  Res  2006;66:5287-94. 


21 


19.  Sriburi  R,  Jackowski  S,  Mori  K,  Brewer  JW.  XBPl:  a  link  between  the  unfolded  protein 
response,  lipid  biosynthesis,  and  biogenesis  of  the  endoplasmic  reticulum.  J  Cell  Biol 
2004;167:35-41. 

20.  van  der  Sanden  MHM,  Meems  H,  Houweling  M,  Helms  JB,  Vaandrager  AB.  Induction 
of  CCAAT/Enhancer-binding  Protein  (C/EBP)-homologous  Protein/Growth  Arrest  and 
DNA  Damage-inducible  Protein  153  Expression  during  Inhibition  of  Phosphatidylcholine 
Synthesis  Is  Mediated  via  Activation  of  a  C/EBP-activating  Transcription  Eactor- 
responsive  Element.  J  Biol  Chem  2004;279:52007-15. 

21.  Cox  JS,  Chapman  RE,  Walter  P.  The  unfolded  protein  response  coordinates  the 
production  of  endoplasmic  reticulum  protein  and  endoplasmic  reticulum  membrane.  Mol 
Biol  Cell  1997;8:1805-14. 

22.  Swinnen  JV,  Van  Veldhoven  PP,  Timmermans  E,  et  al.  Eatty  acid  synthase  drives  the 
synthesis  of  phospholipids  partitioning  into  detergent-resistant  membrane  microdomains. 
Biochem  Biophys  Res  Commun  2003;302:898-903. 

23.  Brewer  JW,  Diehl  JA.  PERK  mediates  cell-cycle  exit  during  the  mammalian  unfolded 
protein  response.  PNAS  2000;97:12625-30. 

24.  Eeng  B,  Yao  PM,  Ei  Y,  et  al.  The  endoplasmic  reticulum  is  the  site  of  cholesterol- 
induced  cytotoxicity  in  macrophages.  Nat  Cell  Biol  2003;5:781-92. 

25.  Harding  HP,  Zhang  Y,  Khersonsky  S,  et  al.  Bioactive  small  molecules  reveal  antagonism 
between  the  integrated  stress  response  and  sterol-regulated  gene  expression.  Cell  Metab 
2005;2:361-71. 

26.  Kaufman  RJ.  Regulation  of  mRNA  translation  by  protein  folding  in  the  endoplasmic 
reticulum.  Trends  Biochem  Sci  2004;29:152-8. 

27.  Bi  M,  Naczki  C,  Koritzinsky  M,  et  al.  ER  stress-regulated  translation  increases  tolerance 
to  extreme  hypoxia  and  promotes  tumor  growth.  Embo  J  2005;24:3470-81. 

28.  Harding  HP,  Zhang  Y,  Bertolotti  A,  Zeng  H,  Ron  D.  Perk  is  essential  for  translational 
regulation  and  cell  survival  during  the  unfolded  protein  response.  Mol  Cell  2000;5:897- 
904. 

29.  Calfon  M,  Zeng  H,  Urano  E,  et  al.  IREl  couples  endoplasmic  reticulum  load  to  secretory 
capacity  by  processing  the  XBP-1  mRNA.  Nature  2002;415:92-6. 

30.  Zinszner  H,  Kuroda  M,  Wang  X,  et  al.  CHOP  is  implicated  in  programmed  cell  death  in 
response  to  impaired  function  of  the  endoplasmic  reticulum.  Genes  Dev  1998;12:982-95. 

31.  Euo  S,  Baumeister  P,  Yang  S,  Abcouwer  SE,  Eee  AS.  Induction  of  Grp78/BiP  by 
translational  block:  activation  of  the  Grp78  promoter  by  ATE4  through  and  upstream 
ATE/CRE  site  independent  of  the  endoplasmic  reticulum  stress  elements.  J  Biol  Chem 
2003;278:37375-85. 

32.  Gray  MD,  Mann  M,  Nitiss  JE,  Hendershot  EM.  Activation  of  the  UPR  is  necessary  and 
sufficient  for  reducing  topoisomerase  II  {alpha}  protein  levels  and  decreasing  sensitivity 
to  topoisomerase  targeted  drugs.  Mol  Pharmacol  2005. 

33.  Ma  Y,  Hendershot  EM.  Delineation  of  a  negative  feedback  regulatory  loop  that  controls 
protein  translation  during  endoplasmic  reticulum  stress.  J  Biol  Chem  2003;278:34864-73. 

34.  Heiligtag  SJ,  Bredehorst  R,  David  KA.  Key  role  of  mitochondria  in  cerulenin-mediated 
apoptosis.  Cell  Death  Differ  2002;9:1017-25. 

35.  Tessitore  A,  del  PMM,  Sano  R,  et  al.  GMl-ganglioside-mediated  activation  of  the 
unfolded  protein  response  causes  neuronal  death  in  a  neurodegenerative  gangliosidosis. 
Mol  Cell  2004;15:753-66. 


22 


36.  Ramanadham  S,  Hsu  FF,  Zhang  S,  et  al.  Apoptosis  of  insulin-secreting  cells  induced  by 
endoplasmic  reticulum  stress  is  amplified  by  overexpression  of  group  VIA  calcium- 
independent  phospholipase  A2  (iPLA2  beta)  and  suppressed  by  inhibition  of  iPLA2  beta. 
Biochemistry  2004;43:918-30. 

37.  Reimold  AM,  Etkin  A,  Clauss  I,  et  al.  An  essential  role  in  liver  development  for 
transcription  factor  XBP-1.  Genes  Dev  2000;14:152-7. 

38.  Lee  A-H,  Iwakoshi  NN,  Glimcher  LH.  XBP-1  Regulates  a  Subset  of  Endoplasmic 
Reticulum  Resident  Chaperone  Genes  in  the  Unfolded  Protein  Response.  Mol  Cell  Biol 
2003;23:7448-59. 

39.  Xu  C,  Bailly-Maitre  B,  Reed  JC.  Endoplasmic  reticulum  stress:  cell  life  and  death 
decisions.  J  Clin  Invest  2005;115:2656-64. 

40.  Harding  HP,  Zhang  Y,  Zeng  H,  et  al.  An  Integrated  Stress  Response  Regulates  Amino 
Acid  Metabolism  and  Resistance  to  Oxidative  Stress.  Molecular  Cell  2003;11:619-33. 

41.  Bandyopadhyay  S,  Zhan  R,  Wang  Y,  et  al.  Mechanism  of  Apoptosis  Induced  by  the 
Inhibition  of  Patty  Acid  Synthase  in  Breast  Cancer  Cells.  Cancer  Res  2006;66:5934-40. 

42.  Zhou  W,  Simpson  PJ,  McPadden  JM,  et  al.  Fatty  Acid  Synthase  Inhibition  Triggers 
Apoptosis  during  S  Phase  in  Human  Cancer  Cells.  Cancer  Res  2003;63:7330-37. 

43.  Jackowski  S,  Wang  J,  Baburina  I.  Activity  of  the  phosphatidylcholine  biosynthetic 
pathway  modulates  the  distribution  of  fatty  acids  into  glycerolipids  in  proliferating  cells. 
Biochimica  et  Biophysica  Acta  (BBA)  -  Molecular  and  Cell  Biology  of  Lipids 
2000;1483:301-15. 

44.  Pels  DR,  Koumenis  C.  The  PERK/eIF2alpha/ATF4  Module  of  the  UPR  in  Hypoxia 
Resistance  and  Tumor  Growth.  Cancer  Biol  Ther  2006;5:723-8. 


23 


Figure  Legends 


Figure  1.  Fatty  acid  synthase  inhibitors  induce  phosphorylation  of  eIF2a  in  tumor  cells.  A, 

PC-3  cells  were  treated  with  the  indicated  concentrations  of  orlistat  (left)  or  cerulenin  (middle) 
for  16  hours,  or  C75  (10  pg/ml)  for  8-24  hours  (right).  Samples  were  resolved  hy  SDS-PAGE, 
transferred  to  PVDF  and  the  membrane  was  probed  with  antibodies  specific  for  phospho-eIF2a, 
total  eIF2a  and  P-tubulin.  B,  PC-3  cells  were  treated  for  two  hours  with  C75  (10  pg/ml),  orlistat 
(25  pM,  50pM),  or  cerulenin  (5  pg/ml,  10  pg/ml),  then  incubated  with  *"^C-acetate  (1  pCi)  for 
two  hours.  Cells  were  collected,  washed  and  lipids  were  extracted  and  quantified  relative  to 
vehicle-treated  control  (left).  PC-3  cells  were  treated  with  orlistat  (50  pM)  for  the  indicated  times 
or  thapsigargin  (Tgn,  1  pM)  for  one  hour  and  then  pulsed  with  10  pCi  S-methionine  for  thirty 
minutes.  Protein  aliquots  were  then  resolved  by  SDS-PAGF  and  new  protein  synthesis  was 
quantified  by  scanning  on  a  Typhoon  9210.  Quantification  is  relative  to  vehicle  treated  control 
(right).  C,  PC-3  cells  were  transfected  with  siRNA  against  FAS  or  luciferase  (Luc)  for  the 
indicated  times  and  analyzed  by  immunoblot.  D,  FS-4  normal  foreskin  fibroblasts  were  treated 
with  orlistat  (25  pM)  for  24  hours  or  thapsigargin  (1  pM)  for  one  hour  side  by  side  with  PC3 
cells  and  prepared  for  immunoblot  analysis. 


Figure  2.  PERK  phosphorylates  eIF2a  is  response  to,  and  protects  cells  against,  orlistat 
treatment.  A,  Wild-type  (WT)  and  PERK^'  MEFs  transformed  with  Ki-Ras^^^  were  treated  with 
orlistat  (12.5  pM)  for  the  indicated  times.  Samples  were  analyzed  with  antibodies  specific  for 
phospho-eIF2a  and  total  eIF2a.  B,  Clonogenic  survival  assays  were  performed  in  WT  and 
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PERK^'  MEFs,  treated  with  vehicle,  orlistat  (25  |jM)  or  Tgn  (100  nM)  for  16  hours,  in  triplicate. 
The  surviving  fraction  was  normalized  relative  to  vehicle  treated  controls.  C,  HT-29  cells  and 
HT-29/AC-PERK  cells  were  treated  with  vehicle,  orlistat  (25  pM),  C75  (9  pg/ml)  or  Tgn  (10 
nM)  for  16  hours,  in  triplicate.  Clonogenic  survival  was  normalized  relative  to  vehicle  treated 
controls  and  statistical  significance  was  determined  hy  two-tailed  Student's  t  tests. 

Figure  3.  FAS  inhibitor  treatment  activates  processing  of  XBP-1.  A,  PC-3  cells  were  treated 
with  orlistat  (50  pM)  for  the  indicated  times  or  Tgn  (500  nM)  for  8  hours.  B,  PC-3  cells  were 
treated  with  the  indicated  concentrations  of  cerulenin  for  16  hours  or  Tgn  (500  nM)  for  8  hours. 
C,  HeEa  cells  were  transfected  with  siRNA  against  FAS  or  luciferase  (Luc)  for  the  indicated 
times.  D,  PC-3  and  FS-  4  cells  were  treated  with  orlistat  (50  pM)  for  16  hours  or  Tgn  (1  pM)  for 
one  hour.  Total  RNA  was  collected  and  RT-PCR  was  performed  as  described  in  experimental 
procedures.  XBP-1  is  indicated  by  the  473  bp  product  and  XBP-1  (s)  is  indicated  by  the  447  bp 
fragment. 

Figure  4.  Inhibition  of  FAS  activity  induces  mRNA  expression  of  ER  stress  regulated  genes. 

A,  DU145  cells  were  treated  with  vehicle  control,  orlistat  (50  pM,  top),  C75  (9  pg/ml,  bottom), 
or  Tgn  (500  nM)  for  16  hours.  B,  PC-3  cells  were  transfected  with  siRNA  against  FAS  or 
luciferase  (Luc)  for  72  hours.  C,  PC-3  cells  were  treated  with  vehicle  control  or  orlistat  (25  pM) 
for  24  hours  or  Tgn  (IpM)  for  one  hour.  Total  RNA  was  collected  with  TRIzol  and  semi- 
quantitative  RT-PCR  was  performed  with  oligonucleotides  specific  for  CHOP  (A  and  B),  GRP78 
and  ATF4  (C)  or  P-actin  (A-C). 
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Figure  5.  Phosphorylation  of  eIF2a  is  an  early  event  in  cells  treated  with  FAS  inhibitors.  A, 

PC-3  cells  were  treated  with  50  pM  orlistat  for  the  indicated  times  and  samples  were  collected 
for  immunohlot  analysis  and  prohed  with  antibodies  specific  for  phospho-eIF2a,  cleaved  PARP, 
cleaved  caspase  3,  and  P-actin.  B,  PC-3  cells  were  treated  with  DMSO,  cycloheximide  (CHX,  1 
pg/ml),  orlistat  (25  pM)  or  orlistat  with  CHX  for  16  hours.  Clonogenic  survival  was  normalized 
relative  to  vehicle  treated  controls.  C,  PC-3  cells  were  treated  with  DMSO,  cycloheximide 
(Ipg/ml),  orlistat  (25pM),  or  the  combination  of  orlistat  and  CHX  for  16  hours.  Samples  were 
collected  for  immunohlot  analysis  and  probed  with  antibodies  specific  for  phospho-eIF2a,  total 
eIF2a,  and  P-tubulin. 

Figure  6.  Pharmacological  FAS  inhibitors  cooperate  with  thapsigargin.  A,  PC-3  cells  were 
treated  with  DMSO,  C75  (9  pg/ml),  thapsigargin  (25  nM)  or  the  combination  of  each  for  12 
hours  and  clonogenic  survival  was  normalized  relative  to  vehicle  treated  controls  (left).  Times 
and  doses  of  these  various  experiments  were  selected  to  achieve  minimal  cell  kill  from  single 
agents,  so  that  the  effect  of  the  combination  would  be  most  clear.  PC-3  cells  were  treated  with 
DMSO,  C75  (9  pg/ml),  thapsigargin  (25  nM)  or  the  combination  of  both  for  20  hours  and 
samples  were  subjected  to  immunohlot  analysis  (top  right),  or  RNA  was  collected  and  semi- 
quantitative  RT-PCR  was  performed  using  primers  specific  for  GADD34  or  P-actin  (bottom 
right).  B,  HT-29  were  treated  with  DMSO,  orlistat  (25  pM),  thapsigargin  (25  nM)  or  the 
combination  of  each  for  12  hours  (left).  Cells  were  treated  with  DMSO,  C75  (9  pg/ml), 
thapsigargin  (25  nM)  or  the  combination  of  each  for  12  hours  (right).  Clonogenic  survival  was 
normalized  relative  to  vehicle  treated  controls.  C,  Model  demonstrating  that  in  a  proliferating 
tumor  cell  FAS  contributes  to  ER  function  by  driving  phospholipid  synthesis  (left).  When  FAS  is 
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inhibited  (right),  ER  stress  is  induced  which  activates  a  series  of  downstream  events  that  mediate 
adaptation  and  promote  ER  membrane  biogenesis. 
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High  levels  of  fatty  acid  synthase  (FAS)  expression  have  been  observed  in  several  cancers,  including  breast  prostate,  colon  and  lung 
carcinoma,  compared  with  their  respective  normal  tissue.  We  present  data  that  show  high  levels  of  FAS  protein  in  human  and  rat 
glioma  cell  lines  and  human  glioma  tissue  samples,  as  compared  to  normal  rat  astrocytes  and  normal  human  brain.  Incubating  glioma 
cells  with  the  FAS  inhibitor  cerulenin  decreased  endogenous  fatty  acid  synthesis  by  approximately  50%.  Cell  cycle  analysis 
demonstrated  a  time-  and  dose-dependent  increase  in  S-phase  cell  arrest  following  cerulenin  treatment  for  24  h.  Further,  treatment 
with  cerulenin  resulted  in  time-  and  dose-dependent  decreases  in  glioma  cell  viability,  as  well  as  reduced  clonogenic  survival. 
Increased  apoptotic  cell  death  and  PARP  cleavage  were  obsewed  in  U25  I  and  SNB-19  cells  treated  with  cerulenin,  which  was 
independent  of  the  death  receptor  pathway.  Overexpressing  Bcl-2  inhibited  cerulenin-mediated  cell  death.  In  contrast,  primary  rat 
astrocytes  appeared  unaffected.  Finally,  RNAi-mediated  knockdown  of  FAS  leading  to  reduced  FAS  enzymatic  activity  was  associated 
with  decreased  glioma  cell  viability.  These  findings  suggest  that  FAS  might  be  a  novel  target  for  antiglioma  therapy. 
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In  2006,  18  820  individuals  living  in  the  US  will  be  diagnosed  with 
primary  brain  cancer  (Jemal  et  al,  2006).  The  most  common  and 
most  lethal  primary  brain  tumour  in  adults  is  glioblastoma 
multiforme.  Glioblastoma  multiforme  represents  one  of  the  most 
challenging  of  all  cancers  to  treat  successfully,  characterised  not 
only  by  aggressive  proliferation  and  expansion  but  also  by 
inexorable  tumour  invasion  into  distant  brain  tissue  (Kew  and 
Levin,  2003).  Improvements  in  multimodality  treatments  including 
surgery,  radiotherapy,  and  the  recent  addition  of  temozolomide 
have  improved  median  survival,  but  this  is  still  only  approximately 
14  months  (Stupp  et  al,  2005)  and  long-term  survival  is  dismal. 
The  development  of  novel  biological  therapies  for  primary  brain 
tumours  remains  an  urgent  need.  Current  cancer  treatment  is 
rapidly  evolving  in  parallel  with  an  understanding  of  tumour 
biology  (Weiss,  2000;  Karpati  and  Nalbantoglu,  2003).  Genetic 
abnormalities  and  differential  gene  expression  between  normal 
and  cancer  cells  can  provide  novel  targets  for  anticancer  therapy 
(Lang  et  al,  1999;  Bansal  and  Engelhard,  2000;  Grill  et  al,  2001). 

Fatty  acid  synthase  (FAS)  is  a  270  kDa  cytosolic  multifunctional 
polypeptide  and  is  the  primary  enzyme  required  for  catalysing  the 
conversion  of  dietary  carbohydrates  to  fatty  acids  (Wakil,  1989). 
Normal  cells  preferentially  use  circulating  dietary  fatty  acids  for 
the  synthesis  of  new  structural  lipids.  Thus,  FAS  expression  is 
generally  low  to  undetectable  in  normal  human  tissues,  other  than 
the  liver  and  adipose  tissue.  In  contrast,  FAS  is  overexpressed  in 
many  human  tumours,  including  carcinoma  of  the  breast 
(Milgraum  et  al,  1997;  Wang  et  al,  2001b),  prostate  (Epstein 
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et  al,  1995;  Swinnen  et  al,  2002),  colon  (Rashid  et  al,  1997),  ovary 
(Gansler  et  al,  1997),  endometrium  (Pizer  et  al,  1998b), 
mesothelium  (Gabrielson  et  al,  2001),  lung  (Piyathilake  et  al, 
2000),  thyroid  (Vlad  et  al,  1999),  and  stomach  (Kusakabe  et  al, 
2002).  Abnormally  active  endogenous  fatty  acid  metabolism 
appears  to  be  important  for  cancer  cell  proliferation  and  survival 
(Ookhtens  et  al,  1984).  Moreover,  overexpression  of  FAS  in  breast, 
prostate,  and  thyroid  cancers  has  been  associated  with  more 
aggressive  malignancies  (Epstein  et  al,  1995;  Gansler  et  al,  1997; 
Vlad  et  al,  1999;  Swinnen  et  al,  2002).  The  preferential  expression 
of  FAS  in  cancer  cells  suggests  that  FAS  could  be  a  promising 
target  for  antitumour  therapy  (Kuhajda,  2006). 

Inhibitors  of  FAS  have  been  used  to  study  the  loss  of  FAS 
function  in  tumour  cells.  The  first  identified  ‘specific’  inactivator 
of  FAS,  cerulenin,  (2R,  3S)-2,3-epoxy-4-oxo-7,10-trans,trans- 
dodecadienamide,  is  a  natural  antibiotic  product  of  the  fungus 
Cephalosporium  ceruleans  (Omura,  1976).  Cerulenin  irreversibly 
inhibits  FAS  by  binding  covalently  to  the  active  site  cysteine  thiol 
in  the  /1-ketoacyl-synthase  domain  (Funabashi  et  al,  1989). 
Cerulenin  is  selectively  cytotoxic  to  a  number  of  established 
human  cancer  cell  lines,  including  breast  (Gabrielson  et  al,  2001), 
colon  (Pizer  et  al,  1998a),  and  prostate  (Furuya  et  al  1997;  Pizer 
et  al,  2001).  Kuhajda  et  al  (2000)  reported  that  cerulenin  inhibited 
fatty  acid  synthesis  in  tumour  cells  in  a  dose-dependent  manner; 
the  cytotoxic  effect  of  cerulenin  to  human  breast  tumour  cells 
generally  paralleled  the  level  of  endogenous  fatty  acid  synthesis. 
Fatty  acid  synthase  inhibition  by  cerulenin  leads  to  apoptotic  cell 
death  in  breast,  prostate,  and  colon  cancer  cells  (Furuya  et  al,  1997; 
Huang  et  al,  2000;  Li  et  al,  2001).  However,  cerulenin’s  chemical 
instability  renders  it  inappropriate  as  a  systemic  anticancer  agent. 
C75,  a  potent  derivative  of  cerulenin  and  a  more  stable  form  of  FAS 
inhibitor,  has  been  tested  recently  for  its  anti-breast  tumour  effects 
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(Kuhajda  et  al,  2000;  Pizer  et  al,  2000).  In  vivo  and  in  vitro  studies 
have  confirmed  the  selective  toxicity  of  C75  against  tumour  cells. 
C75-mediated  inhibition  of  FAS  increases  malonyl-CoA  levels 
and  inhibits  CPT-1  activity,  preventing  the  oxidation  of  newly 
synthesised  fatty  acids.  High  levels  of  malonyl-CoA  and  CPT-1 
inhibition  might  represent  a  mechanism,  whereby  FAS  inhibition 
leads  to  tumour  cell  death  (Pizer  et  al,  2000).  C75  treatment  of 
mesothelioma  and  prostate  cancer  xenografts  in  nude  mice  led  to 
significant  inhibition  of  tumour  growth  (Gabrielson  et  al,  2001; 
Pizer  et  al,  2001).  Subcutaneous  xenografts  of  MCF7  breast  cancer 
cells  in  nude  mice  treated  with  C75  showed  fatty  acid  synthesis 
inhibition,  apoptosis,  and  inhibition  of  tumour  growth  to  less  than 
12.5%  of  control  volumes,  without  comparable  toxicity  in  normal 
tissues  (Pizer  et  al,  2000). 

More  recently,  an  activity-based  proteomics  strategy  revealed  in 
vitro  and  in  vivo  antitumour  activity  for  Orlistat,  an  FDA-approved 
drug  used  for  treating  obesity.  OrKstat  is  a  novel  inhibitor  of  the 
thioesterase  domain  of  FAS  that  inhibited  prostate  cancer  cell  proli¬ 
feration,  induced  apoptosis,  and  inhibited  the  growth  of  PC-3  human 
tumour  xenografts  implanted  in  nude  mice  (Kridel  et  al,  2004). 

To  date,  there  is  little  information  regarding  FAS  expression  in 
brain  tumours.  Slade  et  al  (2003)  reported  that  significantly  larger 
amounts  of  FAS  protein  were  detected  in  the  neuroblastoma  cell 
line  SK-N-SH  compared  with  that  in  the  human  fibroblast  cell  line 
Hs27.  We  hypothesised  that  FAS  would  be  highly  expressed  in 
glioma  cells  and  that  inhibition  of  FAS  would  lead  to  glioma  cell 
death.  In  this  paper,  we  show  that  this  hypothesis  appears  to  be 
correct.  For  the  first  time,  we  show  upregulation  of  FAS  in  glioma 
cells  and  human  glioma  tissue,  dose-and  time-dependent  decreases 
in  glioma  cell  viability,  and  clonogenic  survival  with  FAS 
inhibition,  as  well  as  increased  apoptotic  cell  death.  These  studies 
identify  FAS  as  a  potential  target  for  glioma  therapy. 

MATERIALS  AND  METHODS 
Cell  culture 

Human  U373,  U118,  U87,  and  U138  as  well  as  rat  C6  glioma  cell 
lines  were  obtained  from  the  American  Type  Culture  Collection 
(RockviUe,  MD,  USA).  The  ethyl  nitrosourea-induced  rat  36B10 
glioma  ceU  line  was  obtained  from  Dr  Vincent  Traynelis,  Division  of 
Neurosurgery,  Department  of  Surgery,  University  of  Iowa  (Spence  & 
Coates,  1978)  and  routinely  maintained  in  high  glucose  DMEM 
containing  5%  bovine  calf  serum,  2mM  L-glutamine,  lOOIUmU* 
penicillin,  lOO/rgmP^  streptomycin,  and  0.1  mM  non-essential 
amino  acids  (^  from  GIBCO,  Gaithersburg,  MD,  USA)  at  37°C 
with  5%  CO2  in  air.  Cells  were  trypsinised  and  reseeded  at  a  1:5 
dilution  every  3  days.  Human  U251  and  SNB-19  glioma  ceU  lines 
were  a  kind  gift  of  Dr  Sue  Hess  (Department  of  Radiation  Oncology, 
WFUSM)  and  were  maintained  in  DMEM/F12  and  FIO  media 
supplemented  with  10%  foetal  bovine  serum  (FBS),  2mM 
L-glutamine,  lOOIUmU*  penicillin,  and  lOO^gmP^  streptomycin. 
Primary  rat  astrocytes  were  isolated  from  1-  to  2-day-old  Sprague - 
Dawley  rat  pups  as  described  previously  (Murphy,  1990).  Cortices 
were  removed  from  the  rat  pups;  the  meninges  were  stripped  and 
homogenised.  After  incubation  with  trypsin  for  15  min  in  a  37°C 
shaking  water  bath,  the  homogenate  was  centrifuged  and  the  pellet 
was  resuspended  in  a  trypsin  inhibitor/DNAse  solution,  triturated, 
and  layered  over  a  bovine  serum  albumin  solution.  The  cell  pellet 
was  resuspended  and  maintained  in  MEM  medium  with  1% 
L-glutamine,  10%  FBS,  and  6gU'  glucose  at  37°C  in  a  humidified 
atmosphere  of  5%  CO2  until  ready  to  use. 

Human  glioma  and  normal  brain  tissue 

Human  brain  tissue  lysates  were  prepared  by  homogenisation  in 
modified  RIPA  buffer  (150  mM  sodium  chloride,  50  mM  Tris-HCl 


(pH  7.4),  1  mM  phenyl  methyl  sulphonyl  fluoride,  1%  Triton  X-100, 
1%  sodium  deoxycholic  acid,  0.1%  sodium  dodecyl  sulphate  (SDS), 
5^gmU^  aprotinin,  and  5^gmP*  leupeptin).  The  tissue  lysates 
were  centrifuged  for  10  min  at  lOOOOr.p.m.  to  remove  debris  and 
the  supernatants  were  stored  at  — 80°C  until  use. 

Fatty  acid  synthesis 

To  test  whether  cerulenin  inhibits  FAS  activity  in  glioma  cells,  lipid 
synthesis  was  determined  using  '^C-labelled  acetic  acid  methods  as 
described  previously  (Rashid  et  al,  1997).  Briefly,  5  x  10^  SNB-19, 
U251,  and  C6  cells  were  plated  into  24-well  plates  for  24  h  (three 
replicates  per  group).  After  incubation  with  5  /xgmU*  cerulenin  for 
2h  at  37°C,  the  cells  were  washed  and  were  then  incubated  with 
^"‘C-labelled  acetate  for  4h.  Total  lipids  were  extracted  and  ''^C 
counts  determined  using  liquid  scintillation  counting. 

Western  blot  analysis 

Western  blot  analysis  was  performed  as  described  previously 
(Zhao  et  al,  2001).  Cells  were  lysed  using  lysis  buffer  containing 
50  mM  Tris  (pH  7.0),  1  mM  EDTA,  150  mM  NaCl,  1  mM  PMSF, 
1  /igmU^  aprotinin,  1  /rgmP^  leupeptin,  1  mM  Na3V04,  and  1  mM 
NaF,  and  stored  in  aliquots  at  — 70°C  until  use.  Ten  micrograms  of 
cell  lysate  was  mixed  with  an  equal  volume  of  sample  buffer 
containing  62.5  mM  Tris/HCl  (pH  6.8),  10%  glycerol,  2%  SDS, 
5%  /?-mercaptoethanol,  and  2-3  drops  of  saturated  bromophenol 
solution,  denatured  by  boiling,  and  separated  in  a  7.5% 
polyacrylamide  mini-gel  at  a  constant  voltage  of  120  V  for  2h. 
The  proteins  were  transferred  by  electrophoresis  at  100  V  for  1  h  to 
ECL  nitrocellulose  membrane  (Amersham,  Arlington  Heights,  IL, 
USA).  The  membranes  were  blocked  for  1  h  at  room  temperature 
in  5%  (wtvoU*)  non-fat  dry  milk  in  TTBS  containing  20  mM  Tris- 
HCl  (pH  7.0),  137  mM  NaCl,  and  0.05%  (vol  voU*)  Tween-20.  After 
washing  in  TTBS  for  2x10  min,  the  membranes  were  then  blocked 
with  5%  non-fat  milk  and  probed  with  either  primary  mouse  anti- 
FAS  (Pharmingen,  San  Diego,  CA,  USA),  mouse  anti-Bcl-2  (Santa 
Cruz,  Santa  Cruz,  CA,  USA),  or  rabbit  anti-poly(ADP-ribose) 
polymerase  (PARP)  antibody  (Athens  Biotech,  Athens,  GA,  USA). 
After  washing  three  times  in  TBST  for  10  min  each,  the  blots  were 
incubated  with  anti-mouse  or  anti-goat  IgG  horseradish  per¬ 
oxidase  conjugate  (1:10  000  dilution.  Sigma,  St  Louis,  MO,  USA) 
for  1  h  at  room  temperature.  Antigen  was  detected  using  standard 
chemical  luminescence  methodology  (ECL;  Amersham  Pharmacia 
Biotech,  Piscataway,  NJ,  USA). 

Cell  viability  assay 

Cell  viability  was  determined  using  a  modified  MTT  assay 
(Griscelli  et  al,  2000).  Briefly,  1000 -5000  cells  welU*  were  plated 
in  24-well  plates  and  incubated  overnight.  Cells  were  then  treated 
with  0.5-10/rgmU*  cerulenin  for  24- 144  h.  At  the  end  of  the 
follow-up  period,  MTT  in  PBS  was  added  and  the  cultures  were 
incubated  for  4  h  at  37°C.  The  dark  crystals  formed  were  dissolved 
by  adding  to  the  wells  an  equal  volume  of  SDS/dimethylformamide 
(DMF)  extraction  buffer  (20%  SDS  and  50%  N,  N-DMF  (pH  4.7),  in 
PBS).  Subsequently,  plates  were  incubated  overnight  at  37°C.  A 
100  jA  aliquot  of  the  soluble  fraction  was  transferred  into  96-well 
microplates,  and  the  absorbance  at  570  nm  was  measured  using  an 
ELISA  plate  reader. 

Clonogenic  survival  assay 

Clonogenic  survival  assays  were  performed  as  described  previously 
(Vartak  et  al,  1998).  Two  hundred  and  fifty  to  2000  cells  were 
plated  in  60  mm  dishes  and  incubated  overnight.  Cells  were  then 
treated  with  0-10/rgmU*  cerulenin  and  cultured  until  colonies 
had  formed  (10-14  days).  Cells  were  then  fixed  for  10 min  in  a 
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solution  containing  10%  acetate  and  10%  methanol.  The  cells  were 
then  stained  with  0.4%  crystal  violet  for  another  10  min.  The 
crystal  violet  was  removed  and  cells  were  washed  with  tap  water 
until  clear.  Colonies  containing  >  50  cells  were  counted.  For  each 
experiment,  four  culture  dishes  were  performed  and  experiments 
were  carried  out  in  triplicate.  Surviving  fraction  was  calculated 
from  the  number  of  colonies  formed  in  the  cerulenin-treated 
dishes  compared  with  the  number  formed  in  the  untreated  control, 
where  plating  efficiency  is  defined  as  the  percentage  of  cells  plated 
that  form  colonies,  and  surviving  fraction  =  number  of  colonies 
formed/(number  of  cells  plated  x  plating  efficiency). 

Irradiation 

Cells  were  irradiated  with  a  range  of  single  doses  of  0  -  8  Gy  of  7  rays 
using  a  ^^^Cs  self-shielded  irradiator  at  a  dose  rate  of  4.0Gymin^\ 
All  irradiations  were  performed  at  room  temperature;  control  cells 
received  sham  irradiation.  After  irradiation,  the  culture  plates  were 
returned  to  the  incubator  and  maintained  at  37°C  for  96  h.  Cell 
viability  was  assessed  using  the  MTT  assay  described  above. 

Flow  cytometric  analysis  of  cell  cycle  status 

Flow  cytometric  evaluation  of  the  cell  cycle  was  performed  using  a 
modified  protocol  (Amant  et  al,  2003).  Briefly,  5  x  10^  cells  were 
plated  on  100  mm  dishes  in  medium  complemented  with  10%  FBS 
overnight.  The  culture  medium  was  then  replaced  using  serum-free 
medium  for  24  h  and  the  cells  treated  with  0-10  ^gml^'  cerulenin 
for  24  h.  Cells  were  then  trypsinised  and  collected  into  ice-cold 
PBS,  and  fixed  with  ice-cold  70%  ethanol  in  PBS  for  at  least  24  h  at 
4°C.  Cells  were  then  stained  using  1  ml  propidium  iodide  (PI) 
solution  (20mgP*  PI  and  20  mgP^  RNase  in  PBS)  for  3  h  and  read 
on  a  flow  cytometer  (Beckman-Coulter,  Fullerton,  CA,  USA). 

Fatty  acid  synthase  shRNA  constructs 

The  nucleotide  targets  of  the  FAS  coding  sequence  were  selected 
based  on  previously  published  experiments  (De  Schrijver  et  al, 
2003)  and  computer-based  target  analysis  using  siRNA  Target 
Finder  (Ambion  Inc.,  Austin,  TX,  USA).  Two  19  base  pair  siRNA 
oligonucleotides  were  used  in  our  study  according  to  siRNA 
selective  guidelines  (Ambion  Inc.).  The  first  oligonucleotide  was 
AACCCTGAGATCCCAGCGCTG,  corresponding  to  the  nucleotides 
1212-1231  of  human  FAS;  the  second  oligonucleotide  was 
AAGCAGGCACACACGATGGAC,  corresponding  to  the  nucleo¬ 
tides  329-348.  The  two  target  sequences  were  aligned  to  the 
human  genome  in  a  BLAST  search  to  eliminate  those  with 
significant  homology  to  other  genes.  A  scrambled  nucleotide 
sequence  was  designed  and  used  as  the  negative  control.  The  loop 
sequences  and  overhangs  were  added  to  form  the  short  hairpin 
constructs.  Then,  the  short  hairpin  RNA  (shRNA)  encoding 
oligonucleotides  were  cloned  into  the  BamHl  and  Hindlll 
restriction  sites  downstream  of  the  HI  promoter  in  pSilencer 
3.0-Hl  according  to  the  manufacturers’  instructions  (Invitrogen, 
Grand  Island,  NY,  USA). 

Transient  transfection 

Transient  transfections  were  performed  using  Lipofectamine 
according  to  the  manufacturer’s  instructions  (Invitrogen).  Briefly, 
5x10®  cells  were  plated  in  a  60  mm  dish  supplied  with  5  ml  media 
for  24  h.  Cells  were  then  washed  twice  with  serum-  and  antibiotic- 
free  DMEM  medium.  Four  micrograms  of  FAS  RNAi  plasmids/ 
scrambled  negative  control  plasmid  and  20  fil  Lipofectamine  were 
premixed  for  20  min  and  applied  to  cells  in  4  ml  serum-  and 
antibiotic-free  DMEM  medium.  After  4  h,  the  serum-  and 
antibiotic-free  DMEM  medium  was  replaced  with  5  ml  of  complete 
medium. 


Stable  transfection 

U251  cells  were  grown  on  60  mm  dishes  for  24  h  and  were  then 
transfected  with  2  fig  of  the  endoplasmic  reticulum  (ER)-targeted 
GFP-Bcl-2  expression  vector,  wild-type  (WT)  GFP-Bcl-2  expres¬ 
sion  vector,  or  empty  vector  (gift  of  Dr  Clark  W  Distelhorst,  Case 
Western  Reserve  University  Medical  School  and  University 
Hospitals  of  Cleveland,  Cleveland,  OH,  USA)  using  Lipofectamine 
plus  reagent  according  to  manufacturer’s  protocol  (Life  Techno¬ 
logies).  The  positive  transfected  cells  were  selected  in  the  presence 
of  the  neomycin-analogue  G418  (SOO^gmU'). 

Dominant-negative  FADD  expression 

Recombinant  doxycycline  (Dox)-regulated  YFP  and  dominant¬ 
negative  YFP-FADD-DN  adenoviruses  were  made  using  the 
AdenoX  Tet-off  kit  from  Clontech  (Palo  Alto,  CA,  USA).  Viruses 
were  produced  according  to  the  manufacturer’s  instructions. 
Dominant-negative  adenovirus  FADD-DN  or  adenovirus  YFP 
(empty  vector)  were  co-infected  into  U251  and  SNB-19  glioma 
cells  with  a  Tet  repressor  virus.  Once  FAD-DN  was  expressed  at 
high  levels,  as  demonstrated  by  robust  YFP  fluorescence,  cells  were 
treated  as  required. 

Statistical  analysis 

Statistical  analysis  was  carried  out  using  one-sample  Student’s 
t-test  to  compare  differences  between  the  treated  cells  and  their 
appropriate  controls.  A  P-value  of  <0.05  was  considered 
significant. 

RESULTS 

Fatty  acid  synthase  is  overexpressed  in  human  and  rat 
glioma  cell  lines  as  well  as  in  human  glioma  tissue  samples 

To  determine  if  there  is  differential  expression  in  glioma  cells 
compared  with  normal  brain  cells,  we  measured  FAS  protein  levels 
in  six  human  glioma  cell  lines,  U251,  U373,  U138,  U118,  U87,  and 
SNB-19  and  in  two  rat  glioma  cell  lines,  C6  and  36B10,  as  well  as  in 
primary  rat  astrocytes.  Cells  were  cultured  and  lysed  in  500  fil  lysis 
buffer  containing  50  mM  Tris-HCl  (pH  7.4),  150  mM  NaCl,  1%  NP- 
40,  0.25%  Na-deoxycholate,  and  1  mM  of  EDTA,  PMSF,  Na3V04 
and  NaF,  and  proteinase  inhibitors.  Fatty  acid  synthase  protein 
levels  were  analysed  by  Western  blotting.  As  shown  in  Figure  lA, 
a  low  level  of  FAS  protein  was  detected  in  normal  primary 
astrocytes.  In  contrast,  markedly  elevated  levels  of  FAS  protein 
were  observed  in  the  entire  human  and  rat  glioma  cell  lines. 
Densitometric  analysis  revealed  4-  to  20-fold  increases  in  FAS 
expression  in  the  glioma  cell  lines  in  comparison  with  that  seen  in 
primary  rat  astrocytes  (Figure  IB).  Elevated  levels  of  FAS  protein, 
ranging  from  2-  to  3.5-fold  increases,  were  also  observed  in  lysates 
of  human  glioma  tissue  samples  compared  with  those  obtained 
from  normal  human  brain  (Figure  1C  and  D). 

Treating  glioma  cells  with  the  FAS  inhibitor  cerulenin 
leads  to  inhibition  of  fatty  acid  synthesis 

Cerulenin,  a  potent  noncompetitive  pharmacological  inhibitor  of 
FAS,  binds  covalently  to  the  active  site  of  the  condensing  enzyme 
region,  inactivating  a  key  enzyme  step  in  fatty  acid  synthesis.  To 
confirm  the  inhibitory  effect  of  cerulenin  on  FAS  in  glioma  cells, 
fatty  acid  synthesis  activity  was  measured  using  the  '^C-labelled 
acetic  acid  method  (Rashid  et  al,  1997).  U251  and  SNB-19  human 
glioma  as  well  as  C6  rat  glioma  cells  were  incubated  with  or 
without  cerulenin  for  2h.  After  labelling  with  ^^C-actic  acid,  the 
total  lipid  was  extracted  and  the  amount  of  ^^C  incorporated  in  the 
extracted  total  lipids  was  determined  using  liquid  scintillation 
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Figure  I  Fatty  acid  synthase  is  overexpressed  in  human  and  rat  glioma  ceil  lines  and  in  human  glioma  tissue  compared  with  primary  rat  astrocytes  and 
normal  human  brain  tissue,  respectively.  U  I  38,  U25  I ,  U373,  SNB-19  human,  and  C6  rat  glioma  cells,  as  well  as  primary  rat  astrocytes  were  grown  on 
1 00  mm  dishes  until  90%  confluent  The  protein  level  of  FAS  was  analysed  by  Western  immunoblotting  using  a  monoclonal  mouse  anti-FAS  antibody;  /f-actin 
protein  level  was  used  as  a  loading  control.  (A)  A  representative  Western  Blot  indicating  the  differential  expression  of  FAS  in  rat  and  human  glioma  cell  lies 
as  well  as  primary  rat  astrocytes.  (C)  The  mean  densitometric  values  obtained  from  two  independent  experiments.  (B)  A  Western  blot  of  lysates  obtained 
from  normal  human  brain  as  well  as  several  human  glioma  tissue  samples.  (D)  The  densitometric  analysis  of  these  blots. 


counting.  As  shown  in  Figure  2,  endogenous  fatty  acid  synthesis  in 
cerulenin-treated  glioma  cells  decreased  by  approximately  50%  in 
SNB-19,  U251,  and  C6  cells  compared  with  untreated  controls. 
Fatty  acid  synthase  activity  was  not  detectable  in  primary  rat 
astrocytes  (data  not  shown). 

Incubating  glioma  cells  with  cerulenin  leads  to  selective 
time-  and  dose-dependent  decreases  in  glioma  cell  viability 
and  survival;  normal  astrocytes  appear  unaffected 

To  demonstrate  whether  cerulenin  is  selectively  cytotoxic  to 
glioma  cells,  we  measured  the  effects  of  cerulenin  on  glioma  cells 
and  primary  rat  astrocytes  using  the  MTT  and/or  clonogenic  assay. 
U251,  SNB-19,  U87,  U118  human,  and  C6  rat  glioma  cells  were 
treated  with  0-15  ^gml^*  cerulenin  for  24  and  96 h.  We  observed 
rounded  up  cells  following  incubation  with  higher  doses  (Figure 
3 A  and  B)  in  24  h  and  cell  death.  As  shown  in  Figure  3C,  the  mean 
IC50  values  for  U251  cells  were  4.7  and  2.3  /igmP^  at  24  and  96  h, 
respectively.  SNB-19  glioma  cells  showed  a  similar  cytotoxic 
response  to  treatment  with  cerulenin;  the  mean  IC50  values  for 
SNB-19  cells  were  5.3  and  2.6/3gml^^  at  24  and  96  h,  respectively 
(Figure  4A).  Moreover,  treatment  with  cerulenin  led  to  a 
significant  reduction  in  glioma  cell  clonogenic  survival;  incubating 
SNB-19  cells  with  3/3gmP^  cerulenin  reduced  clonogenic  cell 
survival  by  97%  compared  to  non-treated  controls  (Figure  4B).  We 
also  compared  the  cytoxicity  of  cerulenin  to  C6  rat  glioma  cells  and 
to  normal  primary  rat  astrocytes.  After  treatment  with  10  /xgml^' 
of  cerulenin  for  24  h,  glioma  cell  viability  was  reduced  to  less  than 
10%;  the  mean  IC50  value  was  6.5  /xgml^^  (Figure  4C).  In  contrast, 
primary  astrocytes  appeared  resistant  to  cerulenin  treatment. 
Incubating  astrocytes  with  0.5 -7.5  ,(igml^*  cerulenin  for  24  h  failed 
to  affect  cell  viability  (Figure  4D). 

Cerulenin-induced  cell  death  occurs  via  an  apoptotic 
mechanism 

Poly(ADP-ribose)  polymerase,  an  enzyme  catalysing  the  poly(ADP- 
ribosyl)ation  of  various  nuclear  proteins  with  NAD,  has  been 
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Figure  2  Treating  glioma  cells  with  the  FAS  inhibitor  cerulenin  leads  to 
inhibition  of  fatty  acid  synthesis.  U25 1  and  SNB-19  human  and  C6  rat 
glioma  cells  were  treated  with  S^gmC'  cerulenin  for  2h.  Fatty  acid 
synthesis  activity  was  then  measured  using  the  '^C-labelled  acetate  assay. 
Lipids  were  extracted  and  cerulenin-induced  inhibition  of  labelled  acetate 
incorporation  into  lipid  was  measured  using  liquid  scintillation  counting. 
Mean  +  s.e.;  n  =  3;  *P<0.05. 


suggested  to  contribute  to  cell  death  by  depleting  the  cell  of  NAD 
and  ATP  (Berger  et  al,  1983).  Poly(ADP-ribose)  polymerase  cleavage 
is  a  well-established  marker  for  apoptosis.  To  determine  whether 
apoptosis  is  involved  in  cerulenin-induced  cell  cytotoxicity,  we 
measured  PARP  cleavage  as  well  as  assessing  morphological 
changes.  As  noted  above,  cell  morphology  was  changed;  cells 
appeared  rounded  up  after  incubation  with  cerulenin,  resulting  in 
cell  death.  To  determine  PARP  cleavage,  U251  and  SNB-19  cells 
were  treated  with  0-10.0/3gmP^  cerulenin  for  24 h  and  Western 
blot  analysis  was  used  to  study  the  alterations  in  protein  level  of 
PARP  in  treated  and  non-treated  glioma  cells.  Treatment  with 
cerulenin  led  to  a  dose-dependent  increase  in  cleaved  PARP  protein 
in  both  glioma  cell  lines  (Figure  5). 
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Overexpressing  Bcl-2  leads  to  inhibition  of  cerulenin- 
mediated  cytotoxicity 

Overexpression  of  the  antiapoptotic  protein  Bcl-2  has  been  shown 
to  inhibit  cell  death  induced  by  several  apoptotic  signals  and/or 
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Figure  3  Cerulenin  reduces  U25 1  cell  viability  in  a  time-  and  dose- 
dependent  manner.  5x  lO'*  or  5000  U25 1  human  glioma  cells  were 
seeded  into  24-well  plates  and  treated  with  0-  1 0  /rg  ml” '  cerulenin  for  24 
and  96  h,  respectively.  Cell  viability  was  assessed  using  the  MTT  assy.  (A) 
The  morphological  appearance  of  DMSO-treated  control  ceils  observed 
24  h  after  treatment  (B)  Incubating  U25  I  glioma  cells  with  cerulenin  for 
24  h  resulted  in  the  cells  adopting  a  rounded  up  appearance.  (C)  Incubating 
U25  I  glioma  cells  with  cerulenin  cells  led  to  a  time-  and  dose-dependent 
reduction  in  cell  viability.  Mean  +  s.e.;  n  =  3. 
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mediators  (Wang  et  al,  2001a).  To  determine  if  overexpressing 
Bcl-2  would  result  in  a  similar  inhibition  of  cerulenin-mediated 
apoptosis,  U251  cells  were  stably  transfected  with  either  WT  Bcl-2, 
ER-targeted  Bcl-2,  or  empty  vector.  As  shown  in  Figure  6A, 
transducing  cells  with  Bcl-2  led  to  a  marked  increase  in  protein 
levels  compared  with  the  vector- transduced  cells.  U251  cells  were 
then  treated  with  5  /tgmP^  of  cerulenin  for  24  h,  and  cell  viability 
assessed  using  the  MTT  assay.  As  noted  previously,  incubating 
U251  cells  stably  transfected  with  vector  control  alone  with 
5  ng  ml^'  cerulenin  was  associated  with  a  reduction  in  cell  viability 
to  55.5  +  3.4%  of  controls.  Overexpressing  ER/Bcl-2  and  WT/Bcl-2 
increased  cell  viability  to  71.0  +  3.2  and  85.9  +  2.8%,  respectively 
(P<0.05;  Figure  6). 


U251 
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Figure  5  Cerulenin  induces  PARP  cleavage  in  human  glioma  cells.  U25  I 
and  SNB-19  cells  were  treated  with  0-  lO^gmC'  cerulenin  for  24 h  and 
then  collected  and  lysed  using  lysis  buffer.  Poly(ADP-ribose)  polymerase, 
cleaved  PARP,  and  /1-actin  protein  levels  were  analysed  using  Western  blot. 
Representative  Western  blots  show  that  cerulenin  treatment  was 
associated  with  dose-dependent  increases  in  cleavage  of  PARP  in  both 
U25  I  (A)  and  SNB-19  (B)  glioma  cells.  Data  represent  results  of  two 
independent  experiments. 
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Figure  4  Cerulenin  selectively  reduces  glioma  cell  viability  and  clonogenic  survival;  astrocytes  are  unaffected.  5x10''  and  5000  SNB-19  human  glioma 
cells  were  seeded  into  24-well  plates  and  treated  with  0-  1 0  ^g  ml” '  cerulenin  for  24  and  96  h,  respectively.  Cell  viability  was  assessed  using  the  MTT  assay. 
To  determine  clonogenic  survival,  500-2000  cells  were  seeded  into  60  mm  dishes  and  treated  with  0-  lO^gmC'  cerulenin  for  10-15  days.  Cells  were 
fixed  and  stained  with  violet  blue  and  colonies  were  counted  using  a  colony  counter.  (A)  Incubating  SNB-19  cells  with  cerulenin  led  to  a  time-  and  dose- 
dependent  reduction  in  cell  viability.  (B)  A  dose-dependent  cerulenin-mediated  reduction  in  clonogenic  survival.  (C)  Incubating  C6  rat  glioma  cells  with 
cerulenin  led  to  a  time-  and  dose-dependent  reduction  in  cell  viability.  In  contrast.  (D)  shows  that  incubating  primary  rat  astrocytes  with  0.5 -7.5  ^gmC' 
cerulenin  for  24  h  did  not  affect  cell  viability. 
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The  death  receptor  FADD  pathway  is  not  involved  in 
cerulenin-induced  apoptosis 

FADD-DN  is  a  dominant-negative  form  of  the  FADD  protein  that 
blocks  all  known  death  receptor-induced  apoptotic  pathways. 
Activation  of  the  death  receptor  pathway  has  been  implicated  in 
the  mechanism  of  various  chemotherapeutic  agents  that  can  work 
by  upregulating  death  receptor  levels  or  by  raising  autocrine 
production  of  death  ligand.  To  test  if  such  pathways  contribute  to 
cerulenin-induced  apoptosis,  U251  and  SNB-19  cells  were  co¬ 
infected  with  adenoviruses  expressing  YFP  or  YFP-tagged  FADD-DN. 
Fluorescence  could  be  observed  in  infected  cells  (Figure  7B).  After 
co-infection  for  48  h,  uninfected  control  cells,  YFP-expressing  cells. 


Figure  6  Bcl-2  overexpression  protects  U25 1  cells  from  cerulenin- 
induced  cytotoxicity.  U25  I  cells  stably  transfected  with  empty  vector,  ER- 
targeted  vector,  or  WT  Bcl-2  vector  showed  a  marked  increase  in  levels  of 
Bcl-2  immunoreactive  protein  (A).  Cells  were  treated  with  S^gml”' 
cerulenin  for  24  h.  Cell  viability  was  then  assessed  using  the  MTT  assay  (B). 
Mean  +  s.e.;  n  =  4,  P<0.05. 


and  YFP-FADD-DN-expressing  cells  were  treated  with  0- 
10/tgmP^  cerulenin  for  24  h  and  the  MTT  assay  was  performed 
to  measure  cell  viability.  As  shown  in  Figure  7C  and  D,  no 
significant  differences  in  cell  viability  were  found  in  the  various 
groups,  indicating  that  the  death  receptor  pathway  is  not 
associated  with  FAS  inhibition-induced  cell  apoptosis. 

Treating  human  glioma  cells  with  cerulenin  leads  to  an 
S-phase  cell  cycle  block 

We  hypothesised  that  the  cerulenin-induced  cell  growth  inhibition 
and  death  might  involve  cell  cycle  arrest.  To  test  our  hypothesis, 
we  performed  flow  cytometry  analysis.  U251  and  SNB-19  human 
glioma  cells  were  treated  with  DMSO,  1  or  3  ^gmP^  cerulenin  for 
24  h.  The  cells  were  then  collected  and  stained  with  PI  for  flow 
cytometry  analysis.  Representative  cell  cycle  profiles  are  shown  in 
Figure  8.  After  treatment  with  cerulenin  for  24  h,  the  number  of 
U251  cells  in  S  phase  increased  markedly  to  58%  of  the  total  cell 
population  compared  with  controls  (23%).  A  similar  increase  in 
the  %  of  cells  in  S  phase  was  seen  24  h  after  treatment  of  SNB-19 
cells  with  cerulenin  (Figure  8).  These  results  suggest  that 
cerulenin-mediated  FAS  inhibition  induced  an  S-phase  block  in 
glioma  cells. 

Pretreating  glioma  cells  with  cerulenin  does  not  alter 
radiosensitivity 

Cell  radiosensitivity  is  cell  cycle  dependent;  cells  present  in  the  S 
phase  are  relatively  radioresistant  as  compared  with  cells  in  other 
phases  of  the  cell  cycle  (Pawlik  and  Keyomarsi,  2004).  As  treating 
glioma  cells  with  cerulenin  induced  an  S-phase  block,  we 
hypothesised  that  irradiating  glioma  cells  in  the  presence  of 
cerulenin  would  lead  to  either  no  effect  or  increased  radio¬ 
resistance.  As  shown  in  Figure  9A,  there  was  no  difference  in 
viability  between  glioma  cells  treated  with  0.5 -4.0  /tgml^'  of 
cerulenin  2  h  before  irradiation  with  a  single  dose  of  5  Gy  of  *^^Cs  y 
rays  when  compared  with  glioma  cells  treated  with  radiation  alone. 
Increasing  the  time  the  cells  were  treated  with  cerulenin  to  8h 
before  irradiation  similarly  failed  to  alter  glioma  cell  radio¬ 
sensitivity.  Irradiating  cerulenin-treated  cells  with  single  doses  of 


A 


Figure  7  The  death  receptor  FADD  pathway  is  not  involved  in  cerulenin-induced  apoptosis.  U25  I  and  SNB- 1 9  human  glioma  cells  were  co-infected  with 
adenoviruses  expressing  YFP  or  TFP-tagged  FADD-DN.  (A)  U25  I  cells  treated  with  DMSO,  (B)  U25  I  cells  co-infected  with  YFP-FADD-DN.  Cells  were 
then  treated  with  0-  1 0  /rg  ml” '  cerulenin  for  24  h  and  cell  viability  was  then  assessed  using  the  MTT  assay.  Co-infection  with  YFP  or  YFP-FADD-DN  failed 
to  inhibit  the  cerulenin-mediated  glioma  cell  cytotoxicity. 
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Figure  8  Treating  human  glioma  cells  with  cerulenin  leads  to  a  dose-dependent  accumulation  of  cells  in  S  phase.  U25  I  and  SNB- 1 9  human  glioma  cells 
were  treated  with  DMSO,  I  ^gml”'  cerulenin,  or  3  ^gml”'  cerulenin  for  24  h.  The  cells  were  then  han/ested,  fixed,  stained  with  PI,  and  analysed  by  flow 
cytometry.  (A)  A  representative  flow  cytometry  experiment;  (B)  and  (C)  the  mean  data  obtained  from  the  results  of  two  independent  experiments.  These 
data  indicate  that  incubating  U25  I  and  SNB-19  cells  with  cerulenin  led  to  a  dose-dependent  increase  in  S-phase  cell  accumulation. 
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Figure  9  Treating  human  glioma  cells  with  cerulenin  fails  to  alter  their 
radiosensitivity.  SNB-19  human  glioma  cells  were  treated  with  0.5- 
4.0 ^g ml”'  cerulenin  for  2h,  control  cells  received  DMSO.  The  cells  then 
received  either  y  irradiation  (single  dose  of  4  or  5  Gy  y  rays  [■])  using  a 
'^^Cs  irradiator  or  sham  irradiation  (♦),  incubated  for  96  h,  and  then 
viability  was  assessed  using  the  MTT  assay. 


2,  4,  or  8  Gy  had  no  affect  on  glioma  cell  radiosensitivity.  Figure  9B 
shows  data  for  glioma  cells  treated  with  cerulenin  8h  before  a 
single  dose  of  4  Gy;  a  similar  response  was  seen  after  doses  of  2  and 
8  Gy  (data  not  shown). 

Fatty  acid  synthase  shRNA  transfection  leads  to 
downregulation  of  FAS  expression  and  enzymatic  activity 
that  is  associated  with  decreased  glioma  cell  viability 

To  confirm  that  the  effects  of  cerulenin  were  due  to  inhibition  of 
FAS,  we  used  RNAi  to  knock  down  FAS  protein  levels.  To  identify 
effective  RNAi  against  FAS  expression,  we  tested  two  different 
plasmid-based  hairpin  constructs  of  FAS  RNAi;  a  scrambled 
sequence  was  used  as  the  negative  control.  The  shRNAs  encoding 
oligonucleotides  are  shown  in  Figure  lOB.  They  were  cloned  into 
the  BamHl  and  Hindlll  restriction  sites  downstream  of  the  HI 
promoter  in  pSilencer  3.0-Hl  (Figure  lOA).  U251  and  SNB-19  cells 
were  seeded  into  60  mm  dishes  for  24  h  and  transfected  with  2  and 
4  fig  FAS  shRNA  DNA  for  a  further  72  h.  Cells  were  then  lysed  and 
FAS  protein  expression  analysed  using  Western  blot  analysis.  As 
shown  in  Figure  IOC,  scrambled  shRNA  (control)  had  no  effect  on 
FAS  expression.  In  contrast,  FAS  shRNAl  and  FAS  shRNA2 
reduced  significantly  FAS  protein  levels.  Moreover,  this  reduction 
in  FAS  protein  was  associated  with  a  significant  (P<0.05) 
reduction  in  FAS  enzymatic  activity  (Figure  lOD).  To  test  the 
effects  of  RNAi-mediated  FAS  silencing  on  glioma  cell  growth, 
SNB-19  cells  were  transiently  transfected  with  a  range  of 
concentrations  of  plasmid  DNA  of  scrambled  shRNA  and  FAS 
shRNA  for  72  h.  Cytotoxicity  was  determined  using  the  MTT  assay. 
As  shown  in  Figure  lOE,  cell  viability  was  dose-dependently 
reduced  in  glioma  cells  transfected  with  FAS  RNAi.  These  data 
confirm  the  effect  of  cerulenin  as  being  FAS-specific. 


©  2006  Cancer  Research  UK 


British  Journal  of  Cancer  (2006)  95(7),  869-878 


Translational  Therapeutics 


Translational  Therapeutics 


FAS  inhibition  leads  to  glioma  cell  cytotoxicity 

W  Zhao  et  al 


876 


Ampicillin 


SspI  (2613}-i  r(-]j 

(2595)  ^ 


pSilencer  3.0-H1 
2795  bp 


fEcdfW  (397) 

H1  promoter 
pSamHI  (496) 


(JAS  sIRN-g 

^Mn3iir(557) 


-(790) 


HI  promoter:  397-496 
Ampicillin:  1735-2595 
ColEI  origin:  790-1675 


(1735)-' 

(1675)"' 


ColEI  origin 


B 

FAS  RNAi-1 : 

5'-G  ATCCC  GCAGGCACACACGArGGACTTCAAGAGA  GrCCArCGrGrGrGCCrGCTTTTTTGGAAA-3' 
3'-GGCGrCCGrGrGrGCr4CCrGAAGTTCTCTCAGGrAGCACAC4CGG4CGAAAAAACCTTTTCGA-5' 
FAS  RNAi-2: 

5'-G  ATCCCG  CCCrGAGArCCCAGCGCrGTTCAAGAGA  CAGCGCrGGGArcrCAGGGTTTTTTGGAAA-3' 
3'-GGCGGGACrcrAGGGrCGCGACAAGTTCTCTGrCGCG4CCCrAGAGrCCCAAAAAACCTTTTCGA-5' 


c 


U251 


.d*  .d*  .  >  .  > 

(o' 

A^  aV 


.JV  .JV 


Or' 


O-  O'  << 


Or 


Or 


D  —  500  -1 

^  0)  400  ■ 
>  2 

to  Q.  300  - 
ns  O) 

<  ^  200  - 
LL  E 

i  100- 
0  - 


Scrambled  FAS  shRNA 


Figure  lO  Fatty  acid  synthase  shRNA  transfection  downregulates  FAS  expression  and  inhibits  glioma  cell  growth.  Sense  and  antisense  oligonucleotides 
encoding  the  shRNAs  (B)  were  cloned  into  the  6omh-l  I  and  Hindlll  restriction  sites  downstream  of  the  hi  I  promoter  in  pSilencer  3.0h-l- 1  (A).  U25  I  and 
SNB- 1 9  cells  were  seeded  into  60  mm  dishes  for  24  h  and  transfected  with  2  and  4  fig  FAS  shRNA  DNA  for  a  further  72  h.  Cells  were  then  lysed  and  FAS 
protein  expression  analysed  using  Western  blot  analysis.  As  shown  in  (C).  FAS  shRNA  I  and  FAS  shRNA2  reduced  markedly  FAS  protein  levels;  FAS 
enzymatic  activity  was  also  significantly  reduced  (D).  Control  cells  transfected  with  a  scrambled  shRNA  showed  no  change  in  FAS  expression.  As  shown  in 
(E),  cell  viability  was  significantly  reduced  in  U25  I  glioma  cells  transfected  with  FAS  RNAi. 


DISCUSSION 

Our  data  reveal,  for  the  first  time,  that  the  levels  of  FAS  expression 
observed  in  a  variety  of  rat  and  human  glioma  cell  lines  and  several 
human  glioma  tissue  samples  are  higher  compared  to  their  normal 
cell  counterpart,  the  astrocyte,  as  well  as  normal  human  brain 
tissue,  respectively.  Mammalian  FAS  is  a  multifunctional  enzyme 
complex  that  catalyses  the  synthesis  of  palmitate  from  acetyl-CoA 
and  malonyl-CoA  with  NADPH  as  a  provider  of  reducing 
equivalents  (Kuhajda,  2006).  Humans  take  up  large  amount  of 
proteins  and  lipids  through  their  daily  diet.  Therefore,  the  levels  of 
FAS  in  most  tissues  are  low.  In  human  tissue,  FAS  is  distributed  in 
cells  involved  in  lipid  metabolism  and  in  hormone-sensitive  cells. 


such  as  adipocytes,  hepatocytes,  sebaceous  glands,  and  type  II 
alveolar  cells  (Weiss  et  al,  1986).  High  FAS  activity  was  observed  in 
foetal  brain  tissue  and  gradually  declined  following  aging  (Salles 
et  al,  2002).  FAS  mRNA  level  in  20-day-old  rat  brain  was  about 
20%  compared  with  that  measured  in  5-day-old  brain  (Garbay 
et  al,  1997;  Muse  et  al,  2001).  In  the  adult  rat  brain, 
immunohistochemistical  analysis  for  FAS  revealed  positive  stain¬ 
ing  cells  in  cortical  neurons  of  the  frontooccipital  lobes;  only  weak 
staining  was  observed  in  astrocytes  (Kusakabe  et  al,  2000). 

Glioma  cell  FAS  expression  has  not  been  reported  previously. 
We  found  a  marked  differential  expression  of  FAS  in  glioma  and 
normal  astrocytes.  A  similar  upregulation  of  FAS  expression  was 
noted  in  lysates  of  human  glioma  samples  compared  with  lysates  of 


British  Journal  of  Cancer  (2006)  95(7),  869-878 


©  2006  Cancer  Research  UK 


FAS  inhibition  leads  to  glioma  cell  cytotoxicity 

W  Zhao  et  al 


877 


normal  human  brain  tissue.  Administration  of  the  FAS  inhibitor 
cerulenin  led  to  significant  time-  and  dose-dependent  decreases  in 
glioma  cell  viability  and  survival.  Low  doses  of  cerulenin  caused 
cell  cycle  arrest,  whereas  higher  doses  led  to  cytotoxicity.  In 
contrast,  normal  astrocytes  were  unaffected.  These  findings 
suggest  that  FAS  might  be  a  novel  target  for  antiglioma  therapy. 

The  mechanism(s)  underlying  malignant  cell  cytotoxicity 
following  FAS  inhibition  has  been  studied  in  several  cancer  cell 
lines.  FAS  inhibition  can  cause  accumulation  of  malonyl-CoA, 
which  leads  to  inhibition  of  carnitine  palmitoyltransferase- 1  and, 
indirectly,  the  fatty  acid  oxidation  pathway  (Thupari  et  al,  2001). 
Rapid  accumulation  of  malonyl-CoA  was  observed  after  FAS 
inhibition  (Kuhajda  et  al,  2000).  Blocking  the  accumulation  of 
malonyl-CoA  using  5-(tetradecyloxy)-2-furoic  acid,  an  inhibitor  of 
acetyl-CoA  carboxylase,  reduced  significantly  cerulenin-  and  C75- 
induced  cytotoxicity  and  inhibition  of  breast  tumour  growth. 
Apoptosis  appeared  to  play  a  major  role  in  this  cell  death.  In  our 
experiments,  we  demonstrated  clearly  that  PARP  cleavage,  an 
apoptotic  marker,  was  induced  in  cerulenin-treated  U251  and 
SNB-19  cells;  this  was  associated  with  significant  cytotoxicity. 
Heiligtag  et  al  (2002)  reported  that  cerulenin  is  an  effective  inducer 
of  apoptosis  in  WT  or  mutant  p53  neuroblastoma,  melanoma,  and 
colon  carcinoma  cell  lines;  normal  human  cells  were  resistant  to 
cerulenin-induced  apoptosis.  Further,  apoptosis  was  mediated 
both  by  overexpression  of  proapoptotic  Bax,  in  a  p53-independent 
manner,  and  by  a  rapid  release  of  mitochondrial  cytochrome  c, 
leading  to  activation  of  caspase  3  and  9.  Data  presented  in  the 
current  studies  confirm  a  P53-independent  apoptotic  response  in 
glioma  cells  following  FAS  inhibition;  similar  glioma  cell 
cytotoxicity  was  observed  in  either  P53  WT  (U87  and  U118)  or 
in  P53  mutant  glioma  cell  lines  (U251,  SNB-19,  U138,  and  C6). 

Bcl-2,  a  protooncogene  that  enhances  cell  survival  by  inhibiting 
apoptosis  (Vaux  et  al,  1988),  is  localised  in  the  ER,  the  outer 
mitochondrial  membrane,  and  the  nuclear  envelope  (Akao  et  al, 
1994).  Stable  expression  of  Bcl-2  or  Bcl-2  targeted  to  the  ER  has 
been  shown  to  inhibit  apoptosis  (Wang  et  al,  2001a).  Similarly,  we 
observed  that  stable  expression  of  Bcl-2-targeted  to  the  ER  or  WT 
Bcl-2  expressed  not  only  in  the  ER  but  also  in  the  mitochondria 
and  nuclei,  reduced  cerulenin-mediated  glioma  cell  death.  These 
data  provide  additional  support  for  the  hypothesis  that  cerulenin- 
mediated  toxicity  is  due,  in  part,  to  an  increase  in  apoptotic  cell 
death.  To  investigate  further  the  apoptotic  response,  the  role  of  the 
death  receptor  pathway  in  cerulenin-mediated  apoptosis  was 
evaluated  by  infecting  glioma  cells  with  a  FADD-DN  adenovirus. 
In  agreement  with  the  previously  suggested  mechanism  involving 
cytochrome  c  release  (Heiligtag  et  al,  2002)  FADD-DN,  which 
inhibits  all  the  known  death  receptor  pathways,  had  no  effect  on 
cerulenin-induced  glioma  cell  death. 
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Cerulenin-  and  C75-mediated  alterations  in  cell  cycle  progres¬ 
sion  have  been  observed  in  a  variety  of  cancer  cell  lines.  Although 
FAS  inhibition  can  lead  to  a  block  in  the  cell  cycle  before  Gi 
(Kuhajda  et  al,  2000),  there  are  data  that  support  an  S-phase  arrest 
in  breast  cancer  cells  (Zhou  et  al,  2003)  and  in  colon  carcinoma 
cells  (Pizer  et  al,  2001).  In  the  current  study,  we  demonstrated  a 
marked,  dose-dependent  S-phase  block  at  24  h  after  treatment.  The 
mechanism(s)  of  FAS  inhibition-induced  cell  cycle  arrest  is  still 
not  clear.  De  novo  fatty  acid  synthesis  by  tumour  cells  accounted 
for  more  than  93%  of  total  lipid  fatty  acids  in  an  experimental 
tumour  model,  indicating  that  endogenous  fatty  acid  synthesis 
could  be  a  significant  source  of  fatty  acids  for  tumour  cell  growth 
and  survival  (Ookhtens  et  al,  1984).  Most  of  the  fatty  acids 
produced  by  tumour  cells  are  incorporated  into  membrane 
phospholipids,  and  phospholipid  synthesis  is  inhibited  when  fatty 
acid  synthesis  is  inhibited  (Pizer  et  al,  1996;  Jackowski  et  al,  2000). 
Phospholipid  biosynthesis  is  greatest  during  the  Gi  and  S  phases, 
with  doubling  of  the  membrane  mass  occurring  during  S  phase  in 
preparation  for  cell  division  (Jackowski,  1994).  Thus,  cells  in  S 
phase  should  be  most  sensitive  to  changes  in  phospholipid 
metabolism.  In  contrast,  cells  in  S  phase  are  relatively  radio¬ 
resistant;  the  expected  outcome  would  be  either  no  effect  or 
increased  radioresistance.  Indeed,  as  predicted,  combining  cer¬ 
ulenin  treatment  with  ionising  radiation  did  not  alter  glioma  cell 
radioresistance. 

We  used  selective  gene  silencing  by  siRNA  (Zamore  et  al,  2000) 
to  confirm  the  role  of  FAS  inhibition  in  glioma  cell  cytotoxicity. 
RNAi-induced  knockdown  of  FAS  that  led  to  a  significant 
reduction  in  FAS  enzymatic  activity  resulted  in  a  dose-dependent 
reduction  in  glioma  cell  viability,  confirming  similar  gene  silencing 
approaches  with  RNAi  described  in  human  LNCaP  prostate  cancer 
cells  (De  Schrijver  et  al,  2003). 

In  conclusion,  our  studies  demonstrate  that  (1)  human  and  rat 
glioma  cell  lines  express  high  levels  of  FAS  compared  with  normal 
brain  astrocytes;  high  levels  of  FAS  were  also  seen  in  human 
glioma  tissue  compared  with  normal  human  brain,  (2)  FAS 
inhibition  is  selectively  cytotoxic  to  glioma  cells;  normal  astrocytes 
are  unaffected;  and  (3)  both  cytotoxic  and  cytostatic  effects 
contribute  to  the  cerulenin-mediated  effects  in  glioma  cells.  These 
findings  support  the  hypothesis  that  FAS  might  be  a  novel  target 
for  antiglioma  therapy. 
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